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Implantation of engineered conduction tissue in the rat heart
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Abstract. Engineered conduction tissues (ECTs) are
cardiac conduction tissues fabricated in vitro to allow for
more precisely targeted in vivo transplantation therapy. The
transplantation of ECTs may be ideal for the treatment of
atrioventricular conduction block and could have a significant
impact on the future application of biological pacemakers.
However, there is little published information regarding
the conduction function of ECTs in vivo. In the present
study, ECTs were constructed by seeding cardiac progenitor
cells (CPCs) into a collagen sponge and were then transplanted
into animal hearts to determine whether they could act as an
atrioventricular conduction pathway. The results demonstrated
that the transplanted ECTs were adequately vascularized at the
early stage of transplantation and could survive in the atrio-
ventricular junction area of rats. A large number of myocardial
tissue (=29% of the new muscle fiber tissue formation area in
the implanted ECTs) were observed by Masson's trichrome
staining at 60 days post-transplantation. Positive staining for
connexin-40, connexin-43, HCN2 and ¢ITnT was exhibited
during the period of 20 to 90 days post-transplantation. This
result suggested that the transplanted ECTs formed gap junc-
tions with the allogeneic myocardium and developed into
cardiac conduction tissues with certain myocardial compo-
nents. Electrocardiography (ECG) confirmed that there was
a clear pre-excitation syndrome in the rats transplanted with
ECTs during the period of 20 to 90 days post-transplantation.
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The recovery rate in the rats implanted with ECTs was 61.54%
within 1 h following atrioventricular block, and the heart
rhythm following recovery was close to normal. By contrast,
the recovery rate was only 4.17% in the rats implanted with
blank collagen sponges (BCSs), and none of the sham rats
exhibited atrioventricular block recovery. In conclusion, ECTs
can survive and mechanically integrate with the allogeneic
myocardium following transplantation into rat hearts. An
atrioventricular accessory pathway similar to Kent bundles
could be established between the atria and ventricles of rats
following implantation. It is suggested that ECTs may be a
potential substitution therapy for atrioventricular conduction
block.

Introduction

Complete atrioventricular (AV) conduction block, a significant
complication of numerous manifestations of heart disease, is
a serious threat to human health. Biological pacemakers are
of particular interest in cardiac conduction studies. Recent
studies (1,2) have focused on the use of cell transplants and
gene transfer for AV conduction block therapy. However,
neither gene transfer nor cellular transplantation have been
able to reproduce the normal function of cardiac conduction.
These methods only provide palliation of complete heart block.
In particular, transgene expression is transient, and the cells do
not remain at the desired injection site. Engineered conduction
tissues (ECTs) are biological conduction tissues fabricated
in vitro. Compared with the aforementioned methods, ECTs
allow for more precisely targeted and reliable regenerative
therapy. Therefore, the transplantation of ECTs may be useful
for the treatment of AV conduction block. However, there is
very little published information regarding the effectiveness
of ECTs in vivo.

In 2006, Choi et al (3) used a tissue engineering approach
to fabricate biocompatible, three-dimensional, collagen-based
constructs that contained fetal rat myoblasts. These experi-
ments provided proof of the principle that engineered tissue
constructs are able to function as an electrical conduit and may
offer a substitute treatment for conventional pacing therapy.
Subsequently, Hou ef al (4) demonstrated that anastomosis
of the right auricle and right ventricle assisted by MSCs may
be a future treatment for patients with complete AV block.
Although the aforementioned studies created engineered
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tissue constructs as electrical conduits for AV conduction
block therapy, the tissue constructs did not develop into
cardiac conduction tissue or produce a physiological effect
in vivo. In the two studies, the tissue constructs were used only
as a method to deliver cells abundantly and conveniently to the
heart. Therefore, little is currently known regarding the role
that an engineered conduction tissue may serve in vivo.

ECTs may be fabricated by seeding the appropriate cells
into scaffolds in vitro. Previously, we reported that Nkx2.5*
cardiac progenitor cells (CPCs) derived from embryonic heart
tubes were able to differentiate into cardiac cells, including
cardiomyocytes, pacemaker cells and endothelial cells (5-7).
In the present study, ECTs were created by seeding CPCs into
a collagen sponge in order to investigate the feasibility that
engineered conduction tissue could restore the normal rhythm
of the heart in rats with atrioventricular block.

Materials and methods

Engineered conduction tissues were fabricated using rat
CPCs. All the experimental procedures were conducted in
accordance with the institutional guidelines for the care and
use of laboratory animals of the Second Military Medical
University (Shanghai, China) and conformed to the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. The methods used for culturing Nkx2.5" CPCs
were as previously described (5,6). In brief, at embryonic day
11 heart tubes were dissected from a total of 27 female SD
rats (14 weeks old, 270-320 g). The rats were obtained from
the laboratory animal center of Second Military Medical
University in Shanghai and housed in a room at 18-26°C, with
40-70% relative humidity, and a 12-h light/dark cycle. The
animals had free access to food and water. The heart tubes were
disaggregated in trypsin 0.25% EDTA (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). The cells were pelleted
by centrifugation at 400 x g for 5 min at room temperature,
resuspended in culture medium with a 10%/ml cell density and
seeded in 12-well cell culture plates (Corning Incorporated,
Corning, NY, USA). The medium used was Dulbecco's modi-
fied Eagle's medium (HyClone; GE Healthcare Life Sciences,
Logan, UT, USA), supplemented with 15% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.), 20 g/l EGF
(R&D Systems, Inc., Minneapolis, MN, USA), 10° U/1 LIF
(Chemicon International, Inc.; EMD Millipore, Billerica,
MA, USA), 0.375% NaHCOs;, 1% penicillin-streptomycin
(Gibco; Thermo Fisher Scientific, Inc.) and 2 mM L-glutamine
(Amresco, LLC, Solon, OH, USA). After 5 or 7 days of primary
culture, the cells were isolated using 0.25% trypsin for further
experiments. The Nkx2.5* CPCs were identified and selected
as described previously (5,6).

The CPCs were labeled with 10 zg/ml CM-Dil (Invitrogen;
Thermo Fisher Scientific, Inc.) for 5 min at 37°C and 15 min
at 4°C. The ECTs were fabricated by seeding the CPCs in a
collagen sponge (Wuxi Biot Bio-technology, Co., Ltd., Wuxi,
China). A CPC suspension with a density of 10’/ml was added
to the bottom of the 6-well culture plate. The collagen sponge
was placed in the cell suspension. After the cell suspension
was absorbed by the sponge, the sponge was inverted so that
the internal porosity of the sponge was completely filled with
the cell suspension. The constructs were transferred into an
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incubator maintained at 37°C in 95% humidity and 5% CO,
for 3 h. Subsequently, the base medium with 10 ug/1 bFGF
(R&D Systems, Inc.) was added to the 6-well culture plate
to immerse the constructs; the medium was changed every
3 days, and the cells were cultured for 2 weeks. The base
medium contained DMEM supplemented with 15% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 0.375%
NaHCO;, 1% penicillin-streptomycin (Gibco; Thermo Fisher
Scientific, Inc.) and 2 mM L-glutamine (Amresco, LLC). The
control groups were blank collagen sponges (BCSs) not seeded
with CPCs. After 14 days, the ECTs and BCSs were harvested
and used for subsequent implantation.

In vivo implantation in the rat atrioventricular junction area.
A total of 70 male SD rats (18 weeks old) weighing between 350
and 400 g were prepared for surgery. The rats were obtained
from the laboratory animal center of Second Military Medical
University in Shanghai and housed in a room at 18-26°C, with
40-70% relative humidity, and a 12-h light/dark cycle. The
animals had free access to food and water. The animals were
divided into three groups: The ECTs (n=26), BCSs (n=24) and
Sham (n=20). Their anterior right-sided chests were opened
in layers at the fifth intercostal space. Following incision of
the pericardium above the right atrium, the epicardium of
the atrium and the ventricle near the aorto-atrioventricular
triangle was carefully removed (3). The prepared ECTs were
implanted into the atrioventricular junction area by surgical
thoracotomy. The implantation site in the myocardium below
the epicardial surface was marked with 7-0 polypropylene
suture (Yangzhou Fuda Medical Devices, Co., Ltd., Yangzhou,
China). The chests were closed, and the animals were left to
recover from anesthesia of 300 mg/kg chloral hydrate (Capot
Chemical Co., Ltd., Hangzhou, China) and then returned to
their cages. Throughout the surgery, the animals were venti-
lated with a respirator. A limb lead (left hind limb, right and
left forelimb) surface electrocardiogram (ECG) monitored the
cardiac rhythm using an MPA 2000 multiple biological signal
analysis system (Shanghai Alcott Biotech, Co., Ltd., Shanghai,
China).

Histological staining. The tissues surrounding the implanta-
tion site were excised and fixed in 4% paraformaldehyde for
36 h at room temperature. Next, the tissues were embedded in
paraffin and sectioned at 4 or 6 ym. Following incubation at
60°C for 1 h, the sections were immersed in xylene for 10 min
and then in fresh xylene for a further 10 min. The sections
were treated to remove wax. The sections were then succes-
sively rehydrated in 100, 95 or 80% ethanol and purified water
for 3 min each for hematoxylin and eosin, Masson's trichrome
and immunohistochemical staining. For the hematoxylin and
eosin staining, the sections were stained with hematoxylin for
10 min, differentiated with ethanol hydrochloride and trans-
ferred to eosin solution for 2 min, all at room temperature. The
vessel (diameter, >30 pm) density was calculated as the number
of vessels/mm?. The density measure was determined from 6
randomly selected microscopic fields by a blinded observer (8).
Masson's trichrome staining (Abcam, Cambridge, MA, USA)
was performed according to the manufacturer's protocols. For
immunohistochemical staining, the sections were incubated in
fresh 3% hydrogen peroxide at room temperature for 10 min
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Figure 1. The atrioventricular groove was exposed by a right-sided thoracotomy at the fifth intercostal space. (A) The implantation site was located within the
epicardial layer adjacent to the aorto-atrioventricular triangle; (B) the implanted ECTs in vivo were observed after 60 days; (C) and the implanted ECTs ex vivo
were observed after 60 days. rv, right ventricle; ra, right atrium; ECTs, engineered conduction tissues.

to remove endogenous peroxidase blocking buffer. Then the
sections were sufficiently eluted with PBS and goat serum
(Thermo Fisher Scientific, Inc.) was added dropwise onto the
slices at room temperature for 30 min. Excess solution was
discarded and the sections were incubated at 4°C overnight
with primary antibodies, including rabbit anti-rat CD-31
(cat. no. BA2966; 1:200), Factor-VIII (cat. no. PB0273; 1:100)
and VEGFR?2 (cat.no. A00901; 1:500; Wuhan Boster Biological
Technology, Ltd., Wuhan, China), followed by treatment with
goat anti-rabbit peroxidase-conjugated secondary antibody
(cat. no. ab6721; 1:1,000; Abcam) for 1 h at room temperature
for visualization with 3-diaminobenzidine tetrahydrochloride.
Additionally, the nuclei of the cultured cells were stained with
hematoxylin for 10 min at room temperature. Subsequently, the
sections were dehydrated and mounted with resinene. Finally,
microscopic analysis was performed using an Olympus BH-2
light microscope (Olympus Corporation, Tokyo, Japan).

Immunofluorescence staining. To detect cardiac marker
proteins of the implantation tissues, immunofluorescence
staining was performed. The implantation tissues were

excised, fixed with 4% PFA for 36 h at room temperature
and dehydrated in 30% sucrose in phosphate-buffered saline.
Subsequently, the tissues were embedded in Tissue-Tek O.C.T
compound (Sakura Finetech USA, Inc., Torrance, CA, USA)
and sectioned at 5 micrometers at -26°C. The frozen sections
were placed on poly-L-lysine-coated glass slides and stored
in a -20°C freezer. For the immunofluorescence staining,
the sections were sufficiently eluted with PBS and goat
serum (Thermo Fisher Scientific, Inc.) was added dropwise
onto the sections at room temperature for 30 min. Excess
solution was discarded and the tissues were incubated with
rabbit anti-connexin-40 (cat. no. 36-4900; 1:200; Invitrogen;
Thermo Fisher Scientific, Inc.), connexin-43 (cat. no. C6219;
1:150; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany),
connexin-45 (cat. no. PA5-79311; 1:200; Invitrogen; Thermo
Fisher Scientific, Inc.), HCN2 (cat. no. ab19346; 1:200; Abcam),
Hcn4 (cat. no. AB5808; 1:200; Chemcon International, Inc.;
EMD Millipore) and cTnT (cat. no. ab45932; 1:200; Abcam)
at 4°C overnight. The control staining was performed by
omitting the primary antibody. Following the sections
being incubated with the FITC-conjugated anti-rabbit IgG
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60 days

Figure 2. Gross observation of the implantation site by H&E staining. Representative staining in the rats transplanted with ECTs at days (A) 20, (B) 40,
(C) 60 and (D) 90 after implantation; and representative staining in the rats transplanted with BCSs at days (E) 20, (F) 40, (G) 60 and (H) 90 following
implantation. The green dotted line boxes show the implantation sites. rv, right ventricle; ra, right atrium; ECTs, engineered conduction tissues; BCSs, blank

collagen sponges.

secondary antibodies (cat. no. F0382; 1:200; Sigma-Aldrich;
Merck KGaA) for 60 min at room temperature, fluorescence
imaging was visualized using an Olympus IX70 fluorescence
microscope (Olympus Corporation).

Atrioventricular block (AVB). A complete AVB was created
at days 20, 60 and 90 after the implantation of ECTs and
BCSs by ethanol, as previously described by Lee et al (9). In
brief, the rats were anesthetized by 300 mg/kg chloral hydrate
(Capot Chemical Co., Ltd.) and 15 ul 70% ethanol was injected
into the myocardium 3 mm below the epicardial surface. The
injection point was close to the epicardial fat pad between the
aortic root and the right atrial wall of the rats. The reagents
were injected twice in 10 min. Six-lead surface ECGs (Alcott
Biotech Co., Ltd., Shanghai, China) were used to monitor the
cardiac rhythm.

Statistical analysis. Statistical analysis was conducted with
SPSS version 21.0 (IBM Corp., Armonk, NY, USA). The
average vessel (diameter >30 ym) densities, presented as the
mean + standard error of the mean, were compared using
Dunnett's test. The recovery rate was compared using the
y* test, followed by Fisher's exact test. P<0.05 was considered
to indicate a statistically significant difference.

Results

Implanted ECTs are capable of surviving and vascularizing in
the heart. The heart was exposed by right-sided thoracotomy
at the fifth intercostal space. Samples of 5x2x2 mm ECTs
or BCSs were implanted into the AV groove. The implanted
site was positioned within the epicardial layer adjacent to the
aorto-atrioventricular triangle (Fig. 1A). Following a period of
growth in vivo, the implanted ECTs were adequately combined
with the host's myocardium. The implanted ECTs were associ-
ated with the atrium and the ventricle (Fig. 1B and C). The

tissues surrounding the implantation site were excised and
sectioned at 4 or 6 micrometers. Next, the sections were stained
with H&E. The results revealed that a large number of cells
were gathered at the junction between the implants and the
heart at days 20 and 40 after transplantation (Fig. 2A and B),
but there were few cell clusters observed at the junction at
days 60 and 90 after transplantation (Fig. 2C and D). It was
suggested that these cells may be inflammatory cells. The
number of cells (red staining) increased significantly, and the
collagen sponges (slight staining) were gradually degraded in
the implanted ECTs between 20 and 90 days post-transplanta-
tion (Fig. 3). The scaffold at the recipient site was completely
degraded at 90 days post-transplantation. The transplanted
tissues formed a cell-matrix structure similar to the host tissue
at days 60 and 90 after transplantation. By contrast, there
were fewer cells in the BCSs that failed to form a cell-matrix
structure similar to the host tissue (Figs. 2 and 3). The vessel
densities of the transplanted tissues were calculated, and the
results revealed that the vessel number in the ECTs was greater
than that of the BCSs at the implantation site at days 20 and
40 (Fig. 3). This observation was consistent with the result of
Masson's trichrome staining, which revealed that ECTs formed
more vessels than BCSs (Figs. 4 and 5). The ECT tissue was
stained positive for CD-31, factor-VIII and VEGFR?2 markers,
indicating that there were vessels in the tissue (Fig. 6). It
was suggested that the transplanted ECTs were adequately
vascularized at the early stage of transplantation and could
survive in the atrioventricular junction area of the rats. In
addition, a large number of muscle fiber tissues were observed
by Masson's trichrome staining of the transplanted ECTs at
60 and 90 days post-transplantation.

The transplanted ECTs develop into a phenotype similar to
cardiac conduction tissues. The expression of connexin-40,
connexin-43, connexin-45, Hen2, Hen4 and ¢TnT in the
implanted tissue was detected by immunofluorescence
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Figure 3. Detailed observation of the implantation site by H&E staining. Representative staining in the rats transplanted with ECTs at days (A) 20, (B) 40, (C) 60
and (D) 90 following implantation; representative staining in the rats transplanted with BCSs at days (E) 20, (F) 40, (G) 60 and (H) 90 following implantation;
and (I) quantitative assessment for the vessel densities determined in 6 randomly selected microscopic fields by a blinded pathologist (n=12). rv, right ventricle;
ra, right atrium; ECTs, engineered conduction tissues; BCSs, blank collagen sponges. “P<0.01, compared with corresponding values in the BCS group.

20 days

Figure 4. Gross observation of the implantation site by Masson's trichrome staining. Representative staining in the rats (n=26) transplanted with ECTs at days
(A) 20, (B) 40, (C) 60 and (D) 90 after implantation; and representative staining in the rats (n=24) transplanted with BCSs at days (E) 20, (F) 40, (G) 60 and
(H) 90 after implantation. The green dotted line boxes show the implantation sites; rv, right ventricle; ra, right atrium; ECTs, engineered conduction tissues;
BCSs, blank collagen sponges.
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60 days

Figure 5. Detailed observation of the implantation site by Masson's trichrome staining. Representative staining in the rats (n=26) transplanted with ECTSs at
days (A) 20, (B) 40, (C) 60 and (D) 90 after implantation; and representative staining in the rats transplanted with BCSs (n=24) at days (E) 20, (F) 40, (G) 60
and (H) 90 after implantation. rv, right ventricle; ra, right atrium; ECTs, engineered conduction tissues; BCSs, blank collagen sponges.

Figure 6. Immunohistochemical staining for the expression of vascular markers. Positive staining for CD-31 is shown at days (A) 20, (B) 40 and (C) 60; positive
staining for Factor-VIII is shown at days (D) 20, (E) 40 and (F) 60; and positive staining of VEGFR2 is shown at days (G) 20, (H) 40 and (I) 60. The black
arrows indicate the presence of the vascular markers (yellow). CD-31, cluster of differentiation 31; VEGFR?2, vascular endothelial growth factor receptor 2.

staining. The results revealed that the transplanted ECTs
exhibited stronger positive staining for connexin-40,
connexin-43 and Hen2 during the period of 20 to 90 days post-
transplantation. By contrast, the transplanted BCSs exhibited
negative staining for the three proteins (Fig. 7A, B and C).
The transplanted ECTs exhibited little positive staining
for the molecular markers of pacemaker cells, including
connexin-45 and Hen4 (Fig. 7D and E). In addition, cTnT,
as a marker of working myocardium, was positive in the

transplanted ECTs and negative in the transplanted BCSs
during the period of 20 to 90 days post-transplantation
(Fig. 7F).

Transplanted ECTs provide atrioventricular conduction of
the accessory pathway. ECG recordings were used to detect
the atrioventricular conduction of the accessory pathway.
The results revealed that there was an obvious pre-excitation
syndrome in the rats transplanted with ECTs during the
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Figure 7. Immunostaining for connexin-40, connexin-43, HCN2, connexin-45, HCN4 and cTnT in the transplanted ECTs (n=26) and BCSs (n=24).
Representative staining for (A) connexin-40, (B) connexin-43, (C) HCN2, (D) connexin-45, (E) HCN4 and (F) cTnT in the rats transplanted with ECTs and
BCSs at days 20, 60, and 90 after implantation. The transplanted tissue cells were identified by labeling with CM-Dil (red). Immunostaining for connexin-40,
connexin-43, HCN2, connexin-45, HCN4 and ¢TnT in the implantation site was shown by the secondary antibodies (green). The nuclei were counterstained
with DAPI (blue). ECTs, engineered conduction tissues; BCSs, blank collagen sponges.

period of 20 to 90 days post-transplantation. By contrast, the
rats transplanted with BCSs did not exhibit any pre-excitation
syndrome (Fig. 8).

To assess the functional conduction of ECTs in vivo, atrio-
ventricular block was created by ethanol injection to induce
atrioventricular node damage (Fig. 9). ECG recordings were
used to monitor the rats with atrioventricular block. The
results revealed that atrioventricular block was not recover-
able within 1 h after the ethanol injection for all the normal
rats(Table I). After 1 h, increasing numbers of rats with
atrioventricular block were restored. Consequently, it was
confirmed that atrioventricular block in rats injected with
ethanol could be maintainable or unrecoverable within 1 h.
However, the recovery rate in the rats implanted with ECTs
was 61.54% within 1 h after atrioventricular block during
the period of 20 to 90 days post-transplantation (Table IT).
The ECG recordings demonstrated that the cardiac rhythm
of recovery was close to normal (Fig. 10). By contrast, the
recovery rate was only 4.17% in the rats implanted with BCSs,
and no rats in the Sham group exhibited atrioventricular block
recovery (Table II). The recovery rate was significantly higher

in the rats in the ECT group than in those in the BCS group
or Sham group.

Discussion

Complete atrioventricular conduction block is a serious
threat to human health. Despite the utility of electronic
pacemakers in treating this disease, permanent implantation
of devices is associated with certain complications. Recent
studies have focused on the use of cell transplants and gene
transfer for atrioventricular conduction block therapy (10,11).
However, neither gene transfer nor cellular transplantation
reproduces the normal function of atrioventricular conduc-
tion. The aforementioned methods only provide palliation of
atrioventricular conduction block. In particular, transgenic
expression is transient and cells do not remain at the desired
injection site. Therefore, the transplantation of ECTs may be
ideal for the treatment of atrioventricular conduction block.
The transplantation of ECTs into the heart may establish a
novel atrioventricular conduction pathway, with characteris-
tics similar to those of original conduction. Currently, little is
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Figure 8. Pre-excitation syndrome is shown by ECG. Representative ECG (Lead II) obtained from the rats implanted with ECTs (n=26) at days (A) 20, (C) 40,
(E) 60 and (G) 90 after implantation; and representative ECG (Lead II) obtained from the rats implanted with BCSs (n=24) at days (B) 20, (D) 40, (F) 60
and (H) 90 after implantation. The black arrows indicate the presence of the specific delta wave of the pre-excitation syndrome. ECG, electrocardiogram;
ECTs, engineered conduction tissues; BCSs, blank collagen sponges.
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Figure 9. ECG (Lead II) obtained from the rats with atrioventricular block. (A) Representative ECG showing normal rhythm at a rate of approximately 400 bpm
in the rats (n=15) without atrioventricular block; (B) representative ECG obtained from the rats (n=7) 2 h after atrioventricular block; and (C) representative
ECG obtained from the rats (n=6) 90 days after atrioventricular block. ECG, electrocardiogram.

known regarding the transplantation and functional conduc- by seeding CPCs into collagen sponges in vitro. Next, ECTs
tion of ECTs in vivo. In the present study, ECTs were created  were transplanted into the atrioventricular junction areas
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Table I. The time-dependent proportion of recovery in rats with atrioventricular block (n=85).
Time
Proportion lh 2h 2d 4d 6d 8d 10d 14d 20d 40d 2m 3m
Recovery/block 0/15 1/7 57 3/7 6/7 4/6 4/6 4/6 5/6 4/6 5/6 5/6

Atrioventricular block was not recoverable only within 1 h following the ethanol injection for all the normal rats. After 1 h, an increasing
number of rats exhibited restored atrioventricular block. h, hour; d, day; m, month.
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Figure 10. The recovery of atrioventricular block within one hour is shown in the rats implanted with ECTs. Representative ECG showing normal rhythm in the
sham rats (n=20) without atrioventricular block at days (A) 20, (B) 60 and (C) 90; (D-F) atrioventricular block within one hour is shown in the rats implanted
with BCSs (n=24) at days (D) 20, (E) 60 and (F) 90; and the recovery of atrioventricular block within one hour was observed in the rats implanted with ECTs
(n=26) at days (G) 20, (H) 60 and (I) 90. ECG, electrocardiogram; ECTs, engineered conduction tissues; BCSs, blank collagen sponges.

Table II. Recovery rate in rats implanted with ETCs within 1 h
following atrioventricular block.

Group Recovery Block Total Recovery rate, %
Sham (n=20) 0 20 20 0

BCSs (n=24) 1 23 24 417
ETCs (n=26) 16 10 26 61.54

ECTs, engineered conduction tissues; BCSs, blank collagen sponges.
The recovery rate was compared using the > test, followed by Fisher's
exact test. P<0.01, values in the ETCs group vs. corresponding values
in the BCSs group or the Sham group.

of rats in order to investigate the feasibility that they may
restore atrioventricular block in a short amount of time.

In the present study, ECG recordings were used to detect
atrioventricular conduction at days 20, 40, 60 and 90 after
transplantation. It was revealed that the specific delta wave of
the pre-excitation syndrome appeared in the rats transplanted
with ECTs at different time points during the transplanta-
tion period. The specific delta wave is mostly caused by the
presence of the Kent bundle. Kent bundles are composed of
atrial-like muscle and are mostly located between the left and
right sides of the atrioventricular groove, connecting the atrial
and ventricular myocytes (12,13). The transplanted ECTs were
able to establish an atrioventricular accessory pathway similar
to Kent bundles between the atria and ventricles of rats.

Cardiac conduction pathway repair using engineered
biological tissues has significant clinical translation poten-
tial. Previous studies have reported that myocardial tissue
constructs may serve as conduits for restoring electrical
conduction. The constructs were explanted into hearts for
ex vivo experiments after 3 days (14,15). Due to the short
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amount of time, it is difficult to validate in detail the struc-
tural and functional recoupling of the atrial and ventricular
myocardia in these studies. The results of the present study
provided evidence that the transplanted ECTs gradually
developed an atrioventricular accessory pathway architec-
ture during the period of 20 to 90 days post-transplantation.
Histological staining confirmed the ECT survival and inte-
gration with the host cardiomyocytes in vivo. The cells and
extracellular matrix were enriched in the transplanted ECTs,
and the collagen sponges were increasingly degraded in this
process. In particular, Masson's trichrome staining revealed
that the transplanted ECTs gradually became homogeneous
with the surrounding tissues. The staining is able to identify
the fibrotic change of tissue. Collagen fibers were shown as
blue and muscle fibers were shown as red. A large number of
muscle fiber tissues were observed in the transplanted ECTs
at 60 days post-transplantation. Poor conductive response has
often been observed in fibrotic tissue. However, the number of
fibers surrounding the ECTs was much less than that of native
fibrotic tissue. Consequently, to the best of our knowledge,
the fibrosis surrounding the ECTs did not influence the pre-
excitation pattern. These results provided essential histological
evidence that the transplanted ECTs established an atrioven-
tricular accessory pathway similar to Kent bundles.

Previously, we reported the characterization of CPCs
derived from embryonic heart tubes (5-7). In these afore-
mentioned studies, the characterization of CPCs was well
investigated. The results revealed that CPCs are able to
differentiate into cardiac cells, including cardiomyocytes,
conduction cells and endothelial cells. Therefore, ECTs
created by seeding CPCs into collagen sponges were able to
develop into cardiac conduction or myocardial tissues in vivo
in the present study. This deduction was consistent with the
results obtained using immunofluorescence staining, which
indicated that, following being transplanted into the rat hearts,
the ECTs located between the atrial and ventricular myocytes
exhibited positive staining for connexin-40, connexin-43,
HCN2 and cTnT during the period of 20 to 90 days post-
transplantation. By contrast, there was less positive staining
for the aforementioned markers in the transplanted BCSs. As
cardiac conducting tissue markers, connexin-40, connexin-43
and HCN2 were expressed in the transplanted ECTs. Positive
staining for ¢cTnT proved the existence of myocardial
tissues in the transplanted ECTs. As cardiac nodal tissue
markers, connexin-45 and HCN4 were rarely expressed
in the transplanted ECTs, suggesting that the transplanted
ECTs developed into cardiac conduction tissues with certain
myocardial components. Connexins and pacemaker channel
remodeling are usually considered a structural basis for the
pattern of atrioventricular electrical conduction (16). The
increased expression of connexin-40, connexin-43, HCN2
and cInT provided adequate support for the atrioventricular
accessory pathway in the present study. These proteins are
also the indispensable molecular bases for atrioventricular
electrical conduction (17,18).

ECTs survived and mechanically integrated with the alloge-
neic myocardium following transplantation into rat hearts. The
present study also provided evidence for the in vivo functional
integration of ECTs by demonstrating the ability of ECTs to
restore the normal rhythm of the heart in rats with atrioventricular
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block. ECTs established an atrioventricular accessory pathway
by which 61.54% of the rats transplanted with ECTs had restored
normal cardiac rhythm in 60 min, while only 4.17% of the rats
transplanted with BCSs had restored rhythm. As demonstrated
in Fig. 10, the cardiac rhythm of recovery in the rats implanted
with ECTs was close to normal. However, Fig. 8 revealed
that pre-excitation patterns were observed intermittently, not
in each beat. We hypothesized that this is because the pre-
excitation electrical signal was interfered with or interrupted by
normal atrioventricular conduction without AV block (Fig. 8).
Consequently, the patterns were observed transiently or inter-
mittently prior to AV block. In summary, ECTs are a potential
substitute therapy for atrioventricular conduction block.
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