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Abstract

Background: In spite of the official ending of the moratorium about foetus and foetal material use for scientific purpose, foetal organ
transplantation remains weakly investigated though it represents a culture in vivo of developing cells, tissues, organs. The present work aims at
exploring technical and developmental aspects of such a study applied to the foetal heart heterotopic implantation.

Material and methods: 130 rats of both sexes and different strains (Wistar and Fischer) were used for syngeneic implantation of foetal heart

into different sites (intra thoracic, intra peritoneal, subcutaneous) of adult organisms. The graft functional and morphological evolution was assessed
by ultrasound, magnetic resonance, electrophysiology methods, trans-illumination, and optic and electron microscopy investigations. Observation
delays ran up to 12 months.

Results: In spite of uniformed implantation general conditions, graft survival and growth were hazardous and varied from 0 to 91% depending
mainly on the implantation site. The best implant survival and development was observed in the ear pavilion subcutaneous site. An adult-like
organ formed and was functional with morphologically normal cardiomyocytes. In the other sites development seemed to be slowed and remained
incomplete, like stopped at an intermediary level.

Conclusion: Heterotopic foetal heart implantation into syngeneic adult different sites is feasible in the rat but gives non-homogeneous results.
The graft development was complete only when implantation was realized in an ear pavilion subcutaneous pouch. Anyway the fetal heart implants
could not be proposed for reparative heart surgery: they are too distant from the pericardium cavity to be used as a vascularized flap. The causes
and implications of these differences in development of foetal heart implants are worthwhile further investigations, as well as means of improving

their growth.

Keywords: Heart development; Heart transplantation; Fetal heart investigation; Fetal heart Implantation; Stem cells

Abbreviations: BW: Body Weight; FHI: Fetal Heart Implant/Implantation; IT: Ischemia Time; M: Mean Value; MRI; Magnetic Resonance Investigation;

SD: Standard Deviation; USI: Ultra Sound Investigation

Introduction

First foetal heart transplantations were performed in the
fifties and sixties of the 20th century [1,2]. But soon a moratorium
forbidding any using of foetal material has practically stopped
the researches and only few investigation results were published
[3-12]. On the other hand, stem cell research has known an

extraordinary interest, became an industry and allowed a great
progress in the knowledge of intra and extra cellular organization,
in the understanding of cell and tissue development. Their use
was applied also to heart repair [13-22]. But the results of heart
reparative trials were controversial [14,15,19] and, at least for the
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moment, the clinical application of stem cell therapy is considered
as successful mainly for tissue engineering and replacement
[23,24].

Interest for foetal heart transplantation did not disappear and
developed after the end of the moratorium in 2009 [25 - 30]. But
up to now “ethic” difficulties exist concerning human foetal organ
procurement for therapeutic and even for scientific purposes,
that partly explains the relatively rare publications on the topic.
Nevertheless in vitro studies have limits when it becomes necessary
to understand the complex relations between developing tissues,
organs and systems within the living organism considered as
a whole. These objectives would be realized with foetal organ
transplantation - syngeneic as well as allogeneic and xenogeneic,
as far as it is known that after implantation the foetal organ
“regresses” and only later, after being vascularized, begins to grow
and differentiate [31-33].

As a first step, the comparison of different foetal organ
implantations in order to clarify the common and specific
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development pathways, the conditions of optimal development
would open possible applications in fundamental and applied
research.The present work is devoted to foetal heart syngeneic
heterotopic implantation and aims to evaluate the techniques and
the morphological development, as well as the functional capacities
of the implants placed in different sites of syngeneic adult rat

recipients.
Material & Methods

The experiments were provided on 130 rats of Wistar and
Fischer strains, both sexes, aged 2-4 months at the beginning of the
study and BW 200-400g, displayed in 2 groups:

A. First - 55 animals (all implanted into the ear site) for
determination of the influence of the duration of time between

procurement and implantation (“ischemia” time /IT/)

B. Second-75 animals displayed in 7 series according to the site
into which the foetal heart was implanted (Figure1) (Table 1).

caecal region

Figure 1: Sites of foetal heart implantation: 1. subcutaneous ear pavilion site; 2. between the muscles of the anterior part of the neck, 3.
under the thymus capsule, 4. lung hila, 5; Marfan space; 6. spleen hila and other localizations in the peritoneal cavity: omentum majus, ileo-

Table 1:Experimental series in heterotopic transplantation of fetal heart (last series).

SERIES (Sites of Implantation) Number of Rats/Implants Observation Delays (months) Investigations
Omentummajus 10 4.5 Histology
Ileocaecal angle 6 4.5 Histology

Thymus 13 6.5 USI, Histology
Thoracic cavity 18 10 USI, Histology
Lung hila or parenchyma 15 6 US], Histology
Pericardium 2 2 USI
Marfan and submuscular spaces 9 6 USI
Neck (between muscles) 13 6 Histology
Ear pavilion subcutaneous pouch 13 6 Histology
TOTAL 100 2-10
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Surgery

In all the animals anesthesia was induced by Isoflurane
inhalation in a ventilator box (4% for 1min/100g BW), followed by
intra-peritoneal injections of Natrium pentobarbital (Nembutal® -
Ceva Santé animal- Brussels Belgium: 0.1ml/100g BW of a solution
to 0.075mg/dl) during the surgical procedure. Buprenorphine
hydrochloride (Temgesic® - Laboratoire Schering-Plough -
Courbevoie France: 0.2ml of a 0.05% solution in intraperitoneal
injection) was added for analgesia.In the cases of intrathoracic
intervention Atropine (Lavoisier- Paris-France, 1% solution, 0.2ml
independently on BW) in subcutaneous injection was administrated
at least 5 minutes before intervention to avoid the occurrence of
a vagal shock during the further manipulations. For intubation
of the recipient the trachea was cannulated with al4G catheter
with the help of a laryngoscope (Mac 0 blade-Heine Germany). An
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anesthesia-ventilation machine (Intermed-Penton, Sigma Delta,
UNO-Netherland-USA) was used during the surgical procedure at
a rate of 60 breaths/minute with a tidal volume at 12ml/kg and a

ventilation pressure of 0 to 20 milli Bars.

A.  For fetal heart procurement the gravid female underwent
laparotomy, the uterus was exposed and the foetuses (aged 14-
20 days in utero, BW 2-6g) were extracted. The anaesthesia and
analgesia of the donors has been ensured by gravid female slight
overdosing (0.2 ml/100 g of Nembutal). After wide thoracotomy
the foetal heart was isolated and placed in a cup with saline at
ambient temperature (22 °C). Within 10-30min (15+5min) it was
transferred to the recipient. So Ischemia time (IT) did not exceed
30 min that is important for the implant survival, as shown in
preliminary series (Table 2).

Table 2: Survival of fetal heart implants into ear pavilion subcutaneous pouch depending on ischemic time (trans-illumination and histologic

evaluation).
Series (ischemia Duration (min) Initial Number of Implants Implant Survival after 2 Weeks(%°) | Implant Survival after 4 Weeks (%)
<20 31 100 100
30-50 53 100 91
50-60 16 94 66
>60 5 60 50
TOTAL 105 (55 animals) 88.5 76.75

B.  For foetal heart implantation into the ear pavilion, a skin
incision was provided, a subcutaneous loge was managed by blind
tissue separation and the implant was placed into the pouch. A
Nobecutan®© spray shut the incision. The procedure schedule was
the same when implantation was performed into the neck or the
Marfan-Pirogov-Larey space site, except that the skin was sutured
by 2 or 3 separated stiches. In 10 animals, after division by scissors,
the fetal heart implant was injected into the thoracic cavity through
the thoracic wall by a thick needle (gauge 12).

For intrathoracic implantation, after median longitudinal
sternotomy, the FHI was placed either into the thymus capsule or
into the lung hila’s under the visceral pleura. The incisions were
shut by a 6°° Ethilon stich. The thoracic wall wound was then
sutured layer by layer with classic separate stitches using Vicryl
2°° for sternum, 4°° for muscles and diaphragm (if necessary) and
running suture 6°° for the skin.For intra-abdominal implantation, a
longitudinal incision from sternum to pubis of the skin, the white
line and the parietal peritoneum was performed. One or several FHI
were inserted between the omentum sheets or into a loge managed
under the visceral mesentery layer in the ileocaecal angle. Or in the
spleen hilum An Ethylon 7°° stich closed the pouch. The peritoneal
cavity was shut by a two-layer suture using 4 or 5°° Ethylon
continuous suture.

Animal follow up

During the intrathoracic procedures the monitoring of cardiac
and respiratory functions was ensured by a Mouse Monitoring
device (UNO, Netherlands)Later, daily observation of the animals
was realized up to 12 months after the operation; the animal body
weight (BW) was measured at days 2, 5, 7, 14 and, after the initial
BW recovering, once a month. The post operation investigations

were:

A. Trans-illumination of the ear pavilion implantation site with a
fiberscope FUJINON light source

B. ECG of the implants in ear site series, for control of the graft
functional condition, ECG was performed on 10 animals with
the help of an electrograph (Nicolet Biotechnical) through
1,2,4,6,9,11 months Needle-shaped
electrodes were placed on both sides of the graft in the ear

after implantation.
pavilion for registration of its electrical activity. The same kind
of electrodes were inserted in the four members of the host for
recording of its own ECG.

C. Ultra sound (USI) (apparatus IU22 -Philips - NL- with
an ultrasonic probe (L17-5 MHz), at month 2, 4 6 for
implant localization after intrathoracic and intraabdominal
implantation.
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D. Magneticresonance (MRI) of the ear pavilion at 2 and 4 months
after FHI, with a Philips GyroscanIntera 1.5 Tesla and a circular
surface coil (Philips C64 or micro-antenna 12mm*) added.
Slice thickness was 0.5mm. The visualization of the implant
movements was realized thanks to an echo gradient sequence
(EG) that was less sensitive to the movement artefacts and very
weighted in T2. That gave an important contrast between the
heart wall and the luminal fluid (identified as blood not only
because of its non-homogeneous structure, but also thanks to
the correspondence of MRI images with histological pictures).
The use of B-FFE sequence was determinant for reaching this
effect.

E. Coupling of image acquiring and cardiac rhythm was revealed
quite difficult because of the high frequency of the recipient
heart beating (till 200-250 per min). For the implant
movement detection, acquiring of several dynamic slices at the
same place to recreate movement in cine mode was efficient.
So RT (repetition time) had to be twice the echo time (ET)
in such a way as the 3 gradients (W, Y, Z) were in one phase
before the next weighting: flow compensation must be realized
with a constant speed to reinforce the signal of moving fluids.
Sensibility to the main magnetic field heterogeneity and
to chemical shift must be present, especially for ET chosen
between 2.2 and 2.8ms.

F. NB. All the investigations were provided under light anesthesia
by intra peritoneal injection of Pentobarbital Sodium

(Nembutal®: 0.1ml/100g BW of a solution to 0.075mg/dl).

G. Histological investigation: after each animal death or
euthanasia (by anesthetic overdose), that is at days 0, 2, 5,
7, 14, 21, 28, 42, 60 and at months 4, 6, 7-12, macroscopic
and microscopic investigation of the transplantation area
and main inner organs (lungs, liver, kidneys) was provided.
Collected biopsy materials were fixed in neutral buffered

formaldehyde 4% and embedded in paraffin. Three microns
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slices were stained by hematoxylin eosin and in some cases
by trichrome green of Masson for microscopic evaluation.
Electron microscopy of the grown graft was performed using
1.5% glutaraldehyde fixation and epon embedment.

Statistics

The results are given as Mean+Standard Deviation (M+SD). The
reproducibility of the measuring techniques was expressed as the
coefficient of variation of repeated measurements (V = SD/M %).
Statistical significance of differences was assessed by Student’s test
versus control series (td < t standard).

Animal’s Management

Before, during and after the experimentation animals were
managed in a recognized animaly (LA 1230439) according to
the rule’s instruction of Belgian CEBEA 2013, modified in 2018.
Taking into account the importance of surgery and its possible
consequences, for instance in competition for food, the animals
were kept in individual cages type 3. The nutrition conditions were
standardized all through the experiment with the use of “food for
breeding” (AO4, “Safe”; France) and of fresh water as drink.The
experiments were authorized by the local Committee of Animal
Welfare (protocols N° 50 and 508).

Results

Rat sex, strain and age did not seem to influence the obtained
results.FHI implantations into the thymus, Marfan-Larey-Pirogov
space, between mesenteric layers of omentummajus or ileo-caecal
region, ear or neck sites were well tolerated but a foetal organ
growth was not always observed (Table 3).In the different sites
of the abdominal cavity, very small remnants (1 x 2mm) of the
implants could be identified within the epiploic sheet (2 cases) and
under the mesenteric layer of the ileo-caecal region (2 cases). This
development was quite limited and did not reach a cardiomyocyte

differentiation and organization even within 4-6 months (Figure 2).

Figure 2: Month 3: Weak development of foetal heart implant (arrow) in mesenteric pouch (Hematoxylin eosin).
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Table 3: Results of heterotopic implantation of fetal heart.

Series (sites of Implantation) Recipient number | Recipient survival Complications Implant growth number
Omentummajus 9 8 1 anaesthesia 4?7
Ileocaecal angle 6 5 1 anaesthesia 3

Thymus 13 12 1 anaesthesia 4

Thoracic cavity 18 1 anaesthesia 1 pneumothorax
Lung hila or parenchyma 15 7 3 Hemorrhage, 5 pneumothoraxes 4?
Pericardium 2 2 0 0
Marfan and submuscular spaces 9 7 pneumoperitoneum (diaphragm wound) 1?7
Neck (between muscles) 13 13 0 10
Ear pavilion subcutaneous pouch 13 13 0 13
TOTAL 100 67 38

Figure 3: Development of a foetal heart implant an the ear site viewed by trans-illumination

Within the thoracic cavity implantation of FHI under the visceral
pleura was technically too delicate, causing either haemorrhages or
air exit uneasy to stop and leading to not controlled pneumothorax.
A beginning of FHI development detected by USI, was observed in 4
cases under the mediastinal pleura of the lung hila’s (but histology
was not convincing), and, in 3 cases under and on the thymus

capsule. But within the implant neither cavity nor differentiation
into functional cardiomyocytes could be observed.The best results
were obtained in neck and ear sites of implantation with the
development of an organoid measuring more than 2x2 mm up to
6x5x3 mm and 7x8x4 mm (Figure 3).
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Figure 4: Functional evolution of a foetal heart implanted into a subcutaneous pouch in the ear pavilion at months 4-8
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Figure 4A: Registration of electric activity and demonstration of the capacity of the implant to answer to neuro-humoral stimulations

Ultrasound investigation at day 120: evidence of motility
and blood flow through the graft
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Figure 4B: Ultra sound visualization of blood flow through the implant
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Figure 4C: Magnetic resonance investigation: evidence of blood circulation through the implant and a cardiac rhythm (78/min) From above

to beneath: a/ static mode registration with a slice thickness of 0.5mm, b/ dynamic mode registration, ¢/ determination of cardiac rhythm by
alignment of the positions of one fixed point on a determined rhythm of oscillations

American Journal of Biomedical Science & Research


https://biomedgrid.com/

Am ] Biomed Sci & Res Copy@ Coulic Véry

Figure 5A: Morphological evolution of fetal heart implanted into a subcutaneous pouch of the ear pavilion. (haematoxylin eosin). Before
implantation

Figure 5B: At day 4: some cardio-myoblasts among necrotic and undifferentiated cells

Figure 5D: At day 30: ventricle like formation with mature cardio-myocyte, endocardium and epicardium
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Figure 5G: At day 160: normal adult ultra-structure of fetal implant cardiomyocyte.Ear cartilage; 2. Implant; 3. Ear skin; 4. Adipose tissue

Such an implant was able to contractile activity different from investigations (Figure 4B & 4C).At the ear site, as shown in our early
the host one (much slower: 70-80 instead of 350-450 beatings/ investigations, the implant evolution of the foetal heart implant
min), as revealed by ECG registration (Figure 4A). It was also was the following: during the first week “regression” to a mass of
able to ensure blood flow through it, as shown by USI and MRI  necroticcells (infarct), undifferentiated cells and foetal erythrocytes
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among which some living cardio-myoblast were observed (Figure
5A & 5B). During the following 3-4 weeks a ventricle-like formation
with normal cardio-myocytes developed and was able to have a
normal function i.e. electrical activity modified by adrenergic and
vagal influences, contractions able to propel blood through the
cavities and ensure a blood flow assessed either by USI and MTI
investigations (Figure 4B & 4C) [29,30]. In late delays, after 8
months post-surgery, the progressive replacement of myocytes by
adipocytes was noted evoking an aging evolution (Figure 5C - 5G).

Discussion

The present work does not pretend to be exhaustive in the
investigation of the topic. We did not explore subscapular FHI into
the spleen or the kidney, because it was far from giving possibilities
of clinical applications for heart lesion repair that is the end aim of
the research in this field.Nevertheless, analysis of its results shows
that, in similar conditions of graft procurement, surgery duration,
post-operative management, the difference in implant growth and
maturation was indubitable and depended on the site which the
foetal heart was implanted into. One of the possible explanations
of the phenomenon may be difficulties of re-vascularisation of the
implant placed in the only contact with serosa: pleura, peritoneum.

This is corroborated by better results observed when the
implant was placed between the neck muscles or under the thymus
capsule in our and other authors’ experiments [2], But it remains
not quite clear why the ear pavilion site has conditioned the
complete development of implanted foetal heart. Would a question
of vascularization or innervation peculiarities of the site be
envisaged? Only FHI into a skeletal muscle [4], in the anterior eye
chamber [5.6] and under the kidney capsule [27] had given similar
results. Besides these loci are rich in blood vessels. Comparison
with other foetal organ heterotopic implantation (oesophagus,
stomach, intestines, pancreas and liver) confirms the favourable
properties of the ear pavilion site to growth and differentiation of
foetal implants [8,33-38].

Comparison with orthotopic FHI shows quite different results
than heterotopic: maturation of the graft cells but no organoid
formation and autonomy in our observations [28-30]. It is to
be noted that other authors have obtained the formation of an
autonomous functional organoid, negatively interfering with the
recipient heart function [18,19]. But the implant seemed to have
been grown first in vitro, using foetal heart stem cells.

It is sure that environment conditions, such as possibilities
of re-vascularization, re-innervation, volume expansion, growth
factor mobilisation and other, maybe presently unknown, must have
an influence on the FHI and other foetal organ graft development.
Their investigation is worthwhile further fundamental studies. In

this field expertise of in vitro stem cell cultures may be useful [39].
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Some preliminary trials in this direction - investigation of IGF-1 and
PTHrP variations after foetal organ implantations - were provided
but need further development [41,42].

As to practical applications of heterotopic FHI, presently it
cannot be proposed for clinical use in heart lesion repair because
- when a significant development is obtained, the graft or part of
it cannot be transplanted with its vascular peduncle safe or able
to be anastomosed to a local blood vessel, as it was realized for
oesophagus repair[44]. If the FHI development is still incomplete,
(as in the case of sub-serosa implantation) and an immediate
revascularization is not crucial for the graft, the situation is similar
to fetal pancreatic graft [45,46] and it might be interesting to try
displacing this FHI to le lesion site for dressing. But it would be also

the aim of further investigations [45].
Conclusion

1. Heterotopic implantation of a foetal heart into different sites
of a syngeneic adult rat is feasible but gives different results
depending on the implant localization.

2. The best results were obtained when the foetal heart was
implanted into a subcutaneous pouch of the ear pavilion, i.e.
development of an adult like ventricle with normal functional
ability and morphology.

3. Presently the heterotopic implantation of a foetal heart cannot
be proposed for reconstructive medicine applications.

4. Further investigations of the origin of the observed differences
in the implant heterotopic development and of the means able

to improve or control the implant growth are worthwhile.
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