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Recent studies have significantly improved our ability to
investigate cell transplantation and study the physiology of
transplanted cells in cardiac tissue. Several previous studies have
shown that fully-immersed heart slices can be used for electro-
physiological investigations. Additionally, ischemic heart slices
induced by glucose and oxygen deprivation offer a useful tool
to investigate mechanical integration and to measure forces of
contraction of engrafted cells, at least for short term analysis.
A recent and novel model of heart slices, prepared from rat
and human tissues, can be maintained in culture for up to two
months. This new heart slice model can be used for long term
in vitro cell transplantation studies and for pharmacological
evaluation. This review will focus on describing these models and
demonstrating the use of organotypic heart slices as a novel tool
for drugs for studying electrophysiology and developing cellular
therapeutic approaches to alleviate cardiac tissue damage.

Introduction

Most chronic heart diseases develop after cardiac stroke, cardio-
myopathies and muscle myopathies.! The clinical picture of these
diseases is non-specific and includes the presence of degenerative
myocytes and increased interstitial fibrosis.>3 Pharmacology-
based treatment of heart failure is still limited and some approved
drugs show signs of toxicity, prompting new therapeutic strategies
including regenerative cell therapies.

Several experimental and clinical observations suggest that
cell transplantation could be beneficial in restoring cardiac func-
tion. Cell lines from different origins, including mesenchymal

46 smooth and skeletal muscle’-12

stem cells from bone marrow,
and embryonic stem cells,'> have been used in preclinical animal
models, human embryonic stem (hES) cells, which can divide
indefinitely and give rise to many cellular types including cardio-

myocytes, represent a very promising tool for a cell therapeutic
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approach to treat heart failures.' In the last few years, several
studies have demonstrated that transplantation of ES cells into
injured heart generates functional cardiomyocytes and improves
cardiac functions.!>'7 Key factors for cellular therapy to be effec-
tive are efficient cell engraftment, differentiation into the cell type
appropriate for the damaged tissue, and an ability to interact with
existing cardiac tissue cells in order to restore long-term cardiac
function. However, it has been difficult to study these factors due
to the lack of appropriate models that allow long-term assessment
of transplanted ES cells. Animal models represent the most rele-
vant system to study new pharmacological compounds, to perform
toxicity tests and to study transplanted therapeutic cells. However,
pharmacological and cellular transplant experiments in animal
models are limited by the need for complex experimental design,
surgical procedures and the difficulty to monitor transplanted cells
over time. In addition, they are expensive and unpopular on ethical
grounds.'®

For these reasons it was clear that better experimental platforms
were required in order to provide the rational groundwork before
future therapeutics trials for cardiovascular diseases to be carry
out in animal models.!” Ex-vivo approaches, such as organotypic
slice cultures, provide very important tools for the drug discovery
process and for cell therapy approach. For example, brain organo-
typic cultures have been used for a wide spectrum of application,
including physiology, morphology, pharmacology and toxicology20
this review will focus on the different techniques of heart organo-
typic slices and their possible applications for novel therapeutics.

Organotypic Heart Slices Cultures and Cell Transplantation

Pillekamp and colleagues established the first cardiac in
vitro model in order to assess stem cell-derived cardiomyocytes
transplantation.?? Their heart slice cultures were generated from
neonatal mice (3 to 4 days old) and most slices contracted spon-
taneously. The ventricles were sliced in a plane orthogonal to the
long axis, resulting in rings of ventricular myocardium.

Different studies showed that the damaged myocardium
produced cellular signals important for the cardiac differen-
tiation of grafted cells.2324 To mimic myocardial infarction, the
heart slices were damaged irreversibly by oxygen and glucose
deprivation using hypoxia chamber. The ischemic heart slices
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showed complete loss of spontaneous beating activity.
This model was used as an in vitro model to study
mechanical integration of, and to measure forces of
contraction in, hESC-derived cardiomyocytes. Within
the first 7 days of the co-culture the beating cells
clustered to fill fissures and cavities on the surface
of the murine ventricular slices. The contraction of
the beating area resulted in movements of the whole
preparation demonstrating mechanical interaction of
the hESC-derived cardiomyocytes with the ventricular
slices. However, microscopic analysis did not show any
desmosomes or fasciae adhaerens between transplanted
cells and host cardiac tissue, arguing against a direct
connection between transplanted cells and the host.
More importantly, the cells transplanted were already
differentiated into cardiomyocytes, explaining why
these authors could use slices surviving only 7 days.

A modification of this model was used to evaluate the
pacemaker activity of mESC-derived cardiomyocytes.
For this aim, ventricular slices were generated from
murine embryonic heart (day 16.5 post-coitum). The
authors showed that the transplanted of mESC-derived
cardiomyocytes were able to behave as a biological
pacemaker, increasing the beating rate with low effi-
ciency.?’ These models looked promising and suitable
for studying transplantation of already differentiated
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cells, as the survival time of the tissue was less than two

weeks, but they were not suitable with the differentia-
tion time of hES cells which, even when committed
to cardiac fate using BMP2 (Bone Morphogenetic

Figure 1. A schematic representation of the preparation of organotypic heart slice
cultures. Ventricles of neonatal rat or fetal human are placed on heart matrix and cut in
sagittal slices at a thickness of 1 mm. The slices are placed on Millipore membrane and
cultures in 6 well-plates at 37°C in 5% CO, humidified atmosphere for up two month.

Protein 2), require a longer time to differentiate into
cardiomyocytes.'>?8 We surmise, in accordance with
previous studies concerning the organotypic brain slice cultures,?”
that the poor preservation of cardiac tissue heart slices over time
was connected with immersion in the culture media. Brain organo-
typic slice cultures have been cultured for long terms by replacing
immersion techniques with slow rotation to generate change in
oxygenation of slice culture?® or by culturing the brain slices at
an air-medium interface on a semiporous membrane.?” We devel-
oped the latter technique because it was applicable for intra-slice
cell transplantation.?® In fact, the principle of membrane interface
culture methods is to maintain the slices on a porous membrane
filter at the interface between culture medium and a humidified
atmosphere. The culture medium provides adequate nutrition
to tissue slice through the membrane via capillary action.?” The
cultures were prepared from ventricular section of 3-day old rat
or from human fetuses (8-9.5 week-old). The heart slices were
transferred to a semiporous membrane and cultured for more than
two months (Fig. 1). The ventricular slices exhibited a rhythmic
contraction and responded to activation of f-adrenergic receptors
in a dose-dependent manner (Fig. 2).?8

The distinctiveness of an air-medium interface on semi-porous
membrane cultures had another attractive point. It was possible
to inject single cells into heart slices without losing them into the
media as it would be in the case of immersed tissue slice cultures.
In this new model it was possible to monitor GFP positive cells
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using an epifluorescence stereomicroscope without fixation of
cardiac tissue (Fig. 2). In our study, the injection of several cell line
types [hESC, mouse skeletal myoblastic cell line (C2C12)] did not
effect spontaneous contraction over the 81 days of observation,
excepted when very tumor-producing, proliferating cells (HEK)
were injected (Fig. 3).

In this long-term heart slice culture, undifferentiated embry-
onic stem cells differentiated and expressed human-specific cardiac
markers up to 2 months after transplantation. The novelty of this
system is that the complex natural structural base of the cardiac
tissue is preserved and provides a scaffold of live cell cues and
the appropriate microstructure to allow hES cells to engraft and
differentiate into the appropriate cell type.!? Further studies will
be needed to determine the effectiveness of the engrafted hES cells
in their ability to help repair tissue damage.

Electrophysiological Analyses and Heart Slices

In 1996, Stoppini and colleagues reported the possibility of
using the microelectrode arrays (MEA) system to monitor the
electrical activity of hippocampal organotypic cultures.>® The
possibility to place cardiac ventricular slices on planar microelec-
trode arrays offers a powerful technique to study cardiac impulse

propagation.’!
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Figure 2. Applications of organotypic heart slices cultures. (A) The heart slice cultures showed normal histology and exhibited spontaneous and regular
rhythmic contractions during up 2 months of culture. (B) Intra=slice injection of GFP positive cells. Epifluorescence observation, using stereomicroscope,
showed the presence of GFP positive cell in the cardiac parenchyma close to the injection site. (C-E) Application of heart slice cultures in physiological

and pharmacological studies.
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Figure 3. Spontaneous beating frequencies recorded over time. Following
implantation of either human embryonic stem cells (hESC), mouse skeletal
myoblastic cells (C2C12) or human embryonic kidney cells (HEK-293T).

The characterization of the physiological activity of ventricular
slice cultures demonstrated the preservation of cardiac tissue in
organotypic cultures obtained from embryonic mouse hearts
(16.5-18.5 post coitum) and cultured for 1 week. Action poten-
tials in slices generated from embryonic stage heart were compared
to current clamp recordings of isolated ventricular cardiomyocytes
from embryos of the same stage of differentiation. Moreover,
the induction of a delayed repolarization after administration of
Linopiridine, a specific KCNQ channels blocker, demonstrate the
utility of this model for pharmacological studies.>> The character-
istic structures of adult myocardium (e.g., cell size and gap junction
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distribution) as well as its typical electrophysiological properties
cannot be stimulated sufficiently by means of immature cardiac
tissue.’> However, the heart slices of murine adult ventricles were
electrophysiologicaly intact and reacted normally to cardio-active
drugs. The application of lidocain, a Na* channel blocker, evoked
a decline of relative conduction speed and amplitude. Moreover,
the 4-aminopyridine, a blocker of voltage-dependent K* channels,
prolonged APD50 (Action potential duration at 50% repolariza-
tion) of adult heart slices.3* The researchers concluded that this
adult myocardium model could be important in the study of stem
cell functional integration after transplantation into an infarcted
heart in vivo.

The aim of all cell transplantation studies for cardiac disease
is the conservation of electrical interaction between grafted cells
and the host cardiomyocytes. Typical in vitro co-cultures are
not representative for the in vivo situation. The physiology of
the mammalian heart depends on the functional alignment of
cardiomyocytes, and controlling cell alignment is an important
parameter in biomaterial designs for cardiac tissue engineering and
research.3>3¢ The cardiomyocytes in ventricular myocardium are
linked by perimisyal collagen in a complex lamina structures. The
voltage fields induced by intramural current injection are influ-
enced by microfiber direction and by transmural arrangement of
muscle layer.3” For this reason, the three-dimensional architectures
of heart slices could be more precise than in an in vitro coculture
to study the electrical coupling between grafted cells and host
parenchyma. The powerful technique of ventricular slices cultures
was confirmed by investigation of electrophysiological maturation
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and integration of immature cardiomyocytes after transplantation.
The transplantation of murine fetal cardiomyocytes into healthy
or cryo-injured ventricular mouse slices was related to the expres-
sion of connexin 43, indicating the electrical coupling between
grafted cell and host parenchyma. The electrical integration of
transplanted fetal cardiomyocytes required embedding in viable
tissue; in fact, when transplanted cells were surrounded by cryo-
injured tissue, an electrical integration was never observed. This
indicated an exclusive regulation of maturation by soluble and
diffusible cytokine by ventricular heart slices.>® The combination
of long-term culture and easily electrophysiological recording of
heart slices represent a powerful tool in the investigation of elec-
trical integration of transplanted cells with host tissue and in the
cardiac physiological studies.

Conclusion and Future Perspectives

We and others have developed simple in vitro beating heart
models for short-term and for long-term assessment of experi-
mental therapeutics. Previous models have allowed us to study
the survival and electrical integration of already differentiated and
beating hES-derived cardiomyocytes??3438 but lacked the ability
to study long term engraftment of cardiac-committed cells. The
first application of this novel heart slice culture system has been
the rat ventricular tissue for the analysis of stem cell engraftment
into the myocardium in vitro and electrophysiological studies. The
heart slice was maintained for a long-term period in culture at the
air-medium interface on semiporous membrane, so might play an
important role in the investigation of key factors concerning cell
transplantation, such as migration, integration and functionality of
grafted cell in host cardiac parenchyma. We have since expanded
this model to use human fetal cardiac tissue which will be a more
relevant substrate for human ES cells studies. As this tissue may
provide non-cross reactive (rat-human) molecules significant for
the development of transplanted cells to develop into the appro-
priate cell types which can be deduced. This new novel model of in
vitro heart slice model provides significant advantages in studying
therapeutic cell engraftment. In addition, this system could be
adapted for many other applications, for instance pharmacological
studies, toxicity assays and drug screening (Fig. 1). In fact, the main
advantage of this ex-vivo model was the capacity of long-term moni-
toring of electrical activity of cardiac tissue. In addition, the use of
MEA to record fields potentials could facilitate the investigation
of drugs screening for cardiovascular disease. Most of the models
have so far used isolated cells (cardiomyocytes or hES-derived
cardiomyocytes) and clearly they have presented some limits. Most
isolated adult ventricular cardiomyocytes are terminally differenti-
ated and have an extremely limited capacity to divide or grow to
confluence in culture. Instead, they rapidly dedifferentiate, losing
their characteristic rod-shaped striated morphology and showing
marked alterations in contraction and relaxation. Myocytes are
commonly cultured for 24 or 48 hr with relative success, but even
at these time points some alterations are beginning to be evident.
Pharmacological responses are often maintained during short-term
(48 hr) culture, but verification of this is necessary for each receptor
target.?? Cardiomyocytes derived from hESC could be cultured
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for a longer time, however their maturation process has not been

systematically controlled, resulting in gradual loss of their beating

potency and insufficient function.*

In the future, the generation of this novel heart slice model from
animals (and more specifically human fetal) with cardiac diseases
could offer an exclusive pre-clinical model for drug discovery and
screening in the assessment in both normal and disease models.
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