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Abstract 

Background: Vectors derived from adeno-associated viruses (AAVs) are widely used for gene transfer both in vitro 
and in vivo and have gained increasing interest as shuttle systems to deliver therapeutic genes to the heart. However, 
there is little information on their tissue penetration and cytotoxicity, as well as the optimal AAV serotype for transfer-
ring genes to diseased hearts. Therefore, we aimed to establish an organotypic heart slice culture system for mouse 
left ventricular (LV) myocardium and use this platform to analyze gene transfer efficiency, cell tropism, and toxicity of 
different AAV serotypes.

Methods: LV tissue slices, 300 µm thick, were prepared from 15- to 17-day-old transgenic alpha-myosin heavy-chain-
mCherry mice using a vibrating microtome. Tissue slice viability in air-liquid culture was evaluated by calcein-acetox-
ymethyl ester staining, mCherry fluorescence intensity, and the tetrazolium assay. Four recombinant AAV serotypes 
(1, 2, 6, 8) expressing green fluorescent protein (GFP) under the CAG promoter were added to the slice surface. Gene 
transfer efficiency was quantified as the number of GFP-positive cells per slice. AAV cell tropism was examined by 
comparing the number of GFP-positive cardiomyocytes (CMs) and fibroblasts within heart slices.

Results: Slices retained viability in in vitro culture for at least 5 days. After adding AAV particles, AAV6-infected slices 
showed the highest number of GFP-expressing cells, almost exclusively CMs. Slice incubation with AAV1, 2, and 8 
resulted in fewer GFP-positive cells, with AAV2 having the lowest gene transfer efficiency. None of the AAV serotypes 
tested caused significant cytotoxicity when compared to non-infected control slices.

Conclusions: We have established a readily available mouse organotypic heart slice culture model and provided 
evidence that AAV6 may be a promising gene therapy vector for heart failure and other cardiac diseases.
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Background
Heart failure (HF) is one of the most important causes 
of morbidity and mortality worldwide. More than 26 
million people suffer from HF globally, and its preva-
lence is still growing [1]. Despite improvements in 
previous decades of available medical treatments, the 

prognosis of HF remains poor, with an average 1-year 
mortality rate of 33% [2]. Although heart transplanta-
tion is the gold standard therapy for patients with end-
stage HF, routine treatment is still challenging due to 
the increasing lack of donor organs, limited graft sur-
vival, and the long-term complications of immunosup-
pressive therapy. Gene therapy based on viral vectors 
is a promising new approach and offers great poten-
tial for the treatment of patients with end-stage HF [3, 
4]. Among the multitude of available viral gene deliv-
ery systems, adeno-associated virus (AAV) vectors are 
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appealing candidates because of their ability to medi-
ate efficient transfer and stable expression of thera-
peutic genes in a wide variety of tissues, such as brain, 
liver, and heart [5–7]. AAVs have several advantages 
over other viral vectors. First, AAV naturally infects 
humans, inducing a very mild immune response but 
is not known to cause disease. Second, recombinant 
AAV vectors are able to induce long-term transgene 
expression in non-dividing cells after a single delivery. 
Third, as a gene therapy vector, AAV provides the abil-
ity to target a particular tissue or cell type by using a 
specific AAV serotype [8, 9]. Thirteen AAV serotypes 
and more than 100 AAV variants have been isolated 
from human/non-human primate tissues and evalu-
ated in various model systems [10, 11]. Application of 
AAV vectors for gene transfer into the heart was first 
demonstrated more than 20 years ago [12], and signifi-
cant progress has been made in the clinical translation 
of AAV-mediated cardiac gene therapy in recent years 
[13]. Among the different AAV serotypes, AAV1, 6, 
8, and 9 have been identified as the most cardiotropic 
ones [5]; however data regarding their efficiency of 
cardiac gene transfer are inconsistent. Various studies 
have shown that AAV9 mediates highly efficient gene 
delivery to the heart [5, 14–16], whereas others have 
described AAV1, 6, and 8 as alternative cardiotropic 
vectors to AAV9 [17–24]. In more recent work, AAV6 
was identified as an efficient serotype for the infection 
of stem cell-derived cardiomyocytes (CMs) [25]. There-
fore, more evidence is required to determine the ideal 
AAV serotype for gene therapy in heart disease.

Organotypic heart slices are widely accepted as a pow-
erful in  situ platform for cardiovascular research and 
thus provide an excellent tool for studying AAV-medi-
ated gene transfer into cardiac cells [26]. As multicellular 
models of myocardial tissue, they represent an interme-
diate between monolayer cultures and in  vivo models, 
preserving the native cellular milieu and extracellular 
matrix network of the heart, the complex non-cellular 
three-dimensional architecture, as well as the physiol-
ogy and pathology of the heart [27]. In studies involving 
human and animal tissue, heart slices with a thickness of 
300 µm remained viable for several days under air-liquid 
interface culture conditions [28, 29]. Importantly, this 
model system has already been used to investigate ade-
novirus-mediated gene transfer [30, 31]. More recently, 
an optimized model of myocardial slices cultured under 
electromechanical stimulation has been described, in 
which the authors showed that an adenovirus encoding 
four cell cycle factors could induce CM proliferation [32]. 
To date, however, there are no reports on AAV-mediated 
gene delivery in organotypic heart slices.

In the present study, we aimed to investigate the 
gene transfer efficiency, expression kinetics, penetra-
tion depth, cell-type tropism, and cytotoxicity of AAV1, 
2, 6, and 8 using a three-dimensional mouse heart slice 
culture model. The AAV serotypes were selected based 
on their different levels of transgene expression in  vivo; 
for example, AAV1, 6, and 8 were described to mediate 
a strong gene expression in rodent hearts, whereas the 
non-cardiotropic AAV2 induced gene expression in this 
region relatively slowly [22]. AAV9 was not included in 
this study since it was not available at the time the study 
was performed. Finally, we sought to uncover the opti-
mal serotype for targeting specific cell types in the heart, 
thereby accelerating the clinical translation of gene ther-
apy for heart disease.

Methods
Animals
The following homozygous transgenic mouse line was 
used in this study: B6;D2-Tg(Myh6*-mCherry)2Mik/J 
(Jackson Laboratory, stock no. 021577), which is char-
acterized by alpha-myosin heavy-chain (αMHC)-driven 
mCherry expression in CMs. Mice were obtained from 
the Research Facility for Experimental Medicine of the 
Charité – Universitätsmedizin Berlin. All mice were 
healthy and not subjected to any treatment or surgery 
before use. All procedures involving animals were con-
ducted in accordance with the German Animal Welfare 
Act and the Charité Animal Welfare Guidelines. The 
study protocol was approved by the State Office of Health 
and Social Affairs Berlin (Registration no. T0158/15).

AAVs
AAVs were obtained from the Viral Core Facility of 
the Charité  –  Universitätsmedizin Berlin and stored 
at − 80  °C until use. AAV serotypes used were as fol-
lows: AAV1 (no. BA-01  l), AAV2 (no. BA-01  h), AAV6 
(no. BA-01  d), and AAV8 (no. BA-01  g); all of them 
drive green fluorescence protein (GFP) expression under 
the control of the CAG promoter, a hybrid of the cyto-
megalovirus early enhancer element and chicken beta-
actin promoter. Recombinant AAVs used were hybrid 
AAV vectors that have been generated using the capsid 
protein of AAV1, 2, 6, and 8 and the genome of AAV2.

Heart slice preparation
Mice at the age of 16 ± 1  days were sacrificed by cervi-
cal dislocation under isoflurane anesthesia. The chest 
was opened, the heart was excised, and the left ventricu-
lar (LV) tissue was isolated and stretched to be as flat as 
possible. The tissue was then embedded epicardial-side 
down in a premade 4% agarose gel block and glued onto 
the tissue holder of a high precision vibrating microtome 
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(HM 650  V, Microm). The cutting chamber was con-
nected to a cooling unit (CU 65, Microm) and filled with 
cold (4  °C) oxygenated (100%) Tyrode’s cutting solution 
(140  mM NaCl, 6  mM KCl, 10  mM Glucose, 10  mM 
HEPES, 1 mM MgCl2, 1.8 mM CaCl2, 30 mM BDM, pH 
7.4). After the endocardium was trimmed off, myocardial 
slices were cut tangential to the epicardium with a thick-
ness of 100–300 µm. The advance speed was 0.08 mm/s, 
and the vibration amplitude was set to 1  mm at a con-
stant frequency of 80 Hz. To obtain uniformly sized tis-
sues, slices were shaped using a 4  mm-diameter biopsy 
punch (pfm-medical).

Heart slice culture
Before transferring the slices into culture, they were 
washed six times with Dulbecco’s phosphate-buffered 
saline with magnesium and calcium (DPBS; Gibco, cata-
log no. 14040117) with 3% penicillin/streptomycin (P/S; 
Gibco, catalog no. 15140122). Slices were cultured at the 
air-liquid interface using porous transwell inserts (Mil-
lipore, catalog no. MCHT06H48), which were placed in 
6-well plates with 1.5  ml Medium 199 (Gibco, catalog 
no. 41150020) containing 1% P/S and 1 × insulin-trans-
ferrin-selenium (Gibco, catalog no. 41400045). Plates 
with slices were placed in a humidified incubator set 
to 37  °C, 5% carbon dioxide and either 1% (hypoxia) or 
20% (normoxia) oxygen. After 24 h in culture, slices were 
washed three times with DPBS supplemented with 3% 
P/S and the culture medium was changed. Thereafter, the 
medium was changed every 2 days.

Heart slice viability analysis
Viability of organotypic heart slices was assessed 
using (i) calcein-acetoxymethyl ester (cal-
cein-AM) staining, (ii) mCherry fluorescence 
intensity, and (iii) the 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium (MTS) assay. For the calcein-AM assay, heart slices 
were placed in 48-well plates with 200 µl culture medium 
containing 20  µM calcein-AM (MoBiTec, catalog no. 
MFP-C430) and incubated for 15  min at 37  °C. Living 
cells take up the non-fluorescent calcein-AM and hydro-
lyze it to the fluorescent calcein by intracellular esterases. 
Twenty µl of Hoechst 33342 (Thermo Scientific, catalog 
no. R37610) were added to the medium to visualize the 
whole slice by nuclear staining and slices were incubated 
for another 15  min at 37  °C. After washing three times 
with DPBS, images of both sides of slices were taken 
using a fluorescence microscope (Axio Observer Z1, Carl 
Zeiss). Brightness and contrast of images were adjusted 
using AxioVision (version 4.9.1.0) and Adobe Photoshop 
CC 2018 (version 19). Image analysis was conducted 
by measuring the area of calcein-stained cells using the 

tracing tool of the ImageJ software (version 1.48v). To 
determine the total  mCherry fluorescence intensity 
per slice, images of heart slices were taken as described 
above and image analysis was performed by manual trac-
ing in ImageJ following an established protocol [33]. For 
the MTS assay, MTS (Promega, catalog no. G5421) and 
the electron coupling reagent phenazine methosulfate 
(Sigma, catalog no. P9625) were mixed in a 20:1 (v/v) 
ratio, and 20 µl of this solution were added to 100 µl cul-
ture medium in 96-well plates. One myocardial slice was 
added to each well and incubated for 90 min at 37 °C. In 
the presence of metabolically active cells, MTS is reduced 
to the brightly colored but non-fluorescent formazan. 
One hundred and twenty µl of the supernatant were 
transferred to a new well and 30  µl dimethyl sulfoxide 
were added to each slice and incubated for an additional 
70 min at 37 °C to lyse cells and solubilize the formazan 
crystals prior to measurement. The second supernatant 
taken was combined with the first one and mixed thor-
oughly. Absorbance was measured at 490  nm using a 
multi-well plate reader (SpectraMax 340PC, Molecular 
Devices).

AAV infection and gene transfer analysis
AAV1, 2, 6, and 8 were tested. In detail, 4 × 108 vector 
genomes of each serotype in a volume of 3 µl were added 
to the upper slice side. Slices, incubated with either undi-
luted, 1:10, or 1:100 diluted virus solutions, were cultured 
in the same transwell insert. After incubation for 24  h, 
the slices were washed three times with DPBS contain-
ing 1% P/S and transferred back to the transwell insert 
for continued culture. On days 1, 3, and 5 after infection, 
images of slices were taken as mentioned above and GFP-
positive cells were counted  manually to determine the 
number of AAV-infected cells per slice. To exclude edge 
effects, GFP-positive cells at the periphery of the slices 
were not considered. As a limitation, due to the multi-
layered cell structure of the slice, the number of GFP-
positive cells per slice may not be completely accurate 
and some extremely weak GFP-positive cells may have 
been overlooked during counting.

Immunohistochemistry
Immunofluorescence analysis of AAV-infected cells was 
performed on day 5 after infection. Slices were fixed 
with 4% paraformaldehyde in DPBS for 45 min at room 
temperature (RT), washed three times with DPBS and 
incubated with 1% Triton X-100 and 1% bovine serum 
albumin (Roth, catalog no. T844.4) in DPBS for 2  h at 
RT for permeabilization and blocking of non-specific 
binding sites. Slices were then stained either with rab-
bit anti-vimentin antibody (Cell Signaling Technology, 
catalog no. 5741, 1:100 dilution) or mouse anti-cardiac 
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Troponin T (cTNT) antibody (Thermo Scientific, catalog 
no. MS-295, 1:100 dilution) and incubated overnight at 
4  °C on a plate shaker at medium speed. After washing 
three times with DPBS for 10  min each, the slices were 
incubated with the secondary antibodies Alexa Fluor 
647-labeled donkey anti-rabbit IgG (Invitrogen, catalog 
no. A-31573, 1:200 dilution) or Alexa Fluor 647-labeled 
donkey anti-mouse IgG (Invitrogen, catalog no. A-31571, 
1:200 dilution) for 2 h at RT in the dark on a plate shaker. 
The slices were washed three times in DPBS for 10 min-
utes each and incubated with 300  nM DAPI (Invitro-
gen, catalog no. D1306) in DPBS for 30 min at RT on a 
rocker to stain cell nuclei. Confocal images were taken 
using an Opera Phenix High-Content Screening system 
(PerkinElmer) equipped with Harmony software (version 
4.9) and analyzed by Columbus software (version 2.9.1). 
Brightness and contrast of images were adjusted using 
Adobe Photoshop CC 2018.

Statistical analysis
GraphPad Prism (version 8) was used for performing 
data analysis and generating graphs. Statistical signifi-
cance was determined by one-way analysis of variance 
followed by Tukey´s post-hoc test. A p-value of less than 
0.05 was considered significant.

Results
Characteristics and viability of organotypic heart slices
To establish organotypic heart slices as model system for 
studying AAV-mediated gene transfer into cardiac cells, 
we prepared myocardial slices of LV tissue from hearts 
of transgenic homozygous αMHC-mCherry mice using 
a vibrating microtome and cultured them in vitro under 
air-liquid interface culture conditions; a flow chart of 
the process is outlined in Fig. 1. Since it was anticipated 

from the literature that the αMHC promoter-enhancer 
drives cardiac-specific gene expression [34], we first 
tested whether mCherry expression is indeed indica-
tive of CMs in our model. For that purpose, we stained 
heart slices for cTNT, a specific CM marker, and con-
firmed co-expression with mCherry (Additional file  1: 
Figure S1). To determine an optimal slice thickness for 
subsequent experiments, we tested several values rang-
ing from 100–300  µm. Additional file  2: Figures  S2a, 
b illustrate that slices with a thickness of 300  µm had a 
stronger mCherry signal compared to slices with 100 and 
200  µm, which was attributed to the thicker slice con-
sisting of more CMs. By performing the MTS assay, we 
also found that slice thickness correlated with formazan 
signals representing the metabolic activity of live cells 
and 300-µm-thick slices had the highest values (Addi-
tional file 2: Figure S2c). For these reasons, and in addi-
tion to the fact that thicker slices are easier to handle, we 
decided to use 300-µm-thick slices in this study. Slices 
thicker than 300  µm were not tested because they have 
been reported to suffer from poor oxygenation [35].

In the following experiments, we aimed to assess the 
viability of 300-µm-thick slices in culture using the cal-
cein-AM assay and found that resident cells maintained 
their viability in culture for at least 5 days under nor-
moxic conditions (Fig. 2a, b). Notably, CM survival was 
reduced by approximately 25% after 1 day of culture, 
but remained unchanged for the next 4 days (Fig. 2a, c), 
indicating that CMs were initially sensitive to the tran-
sition from in vivo to in vitro conditions, but thereafter 
adjusted to the new environment. Overall, our data indi-
cate that myocardial slices can be kept in culture for at 
least 5 days without apparent loss in viability and changes 
in tissue morphology. To mimic acute myocardial infarc-
tion, heart slices were cultured under hypoxia. We found 

Fig. 1 Preparation of organotypic heart slices of mouse LV myocardium. LV tissue was isolated from a transgenic homozygous αMHC-mCherry 
mouse line and a vibrating microtome was used to obtain sections of 300 µm thickness. Slices cut in parallel to the epicardial surface were punched 
using a 4 mm-diameter biopsy punch and cultured at the air-liquid interface on cell culture inserts
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Fig. 2 Viability of myocardial slices during culture at the air-liquid interface. a Heart slice viability was assessed based on mCherry fluorescence 
intensity and the area of calcein-stained cells for up to 5 days (d0–d5) under normoxic (20% oxygen) and hypoxic (1% oxygen) conditions. Scale 
bars, 500 µm. b Slice viability was quantified by measuring the area of calcein-stained cells on both sides of the slices on days 1–5 of culture and 
by normalizing to the area of day 0. c Survival of CMs under normoxic and hypoxic conditions was assessed by mCherry signal intensity on both 
sides of the slices on days 1–5 of culture normalized to day 0. In b and c, signals of three independent experiments with two to three slices each (in 
total, n = 6 for normoxia, n = 9 for hypoxia) were quantified, and means and SDs (standard deviations; error bars) are given. Stars indicate significant 
changes with p less than 0.05. n.s. indicates not significant and n.d. indicates not detected
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that slice viability was significantly reduced and most 
cells died after 3 days in hypoxic conditions (Fig. 2a–c), 
indicating that in  vitro a high oxygen concentration of 
20% is required to maintain heart slice viability.

Gene transfer efficiency, penetration depth, 
and cytotoxicity of AAV1, 2, 6, and 8
Having demonstrated that myocardial slices can be kept 
in culture for at least 5 days, we aimed to identify an 
ideal AAV serotype for efficient gene transfer into car-
diac cells. For this purpose, organotypic heart slices were 
incubated with recombinant AAV1, 2, 6, and 8  driving 
GFP expression. All AAV serotypes were added directly 
to the upper surface of the slice to study their gene trans-
fer efficiency. This procedure has been proposed by Grif-
fin et  al. [36] because it is a more direct approach and 
requires fewer virus particles than adding the virus to the 
culture medium.

Gene transfer efficiency was assessed by counting the 
number of GFP-positive cells on day 5 after infection. 
This time point was chosen to account for the possibil-
ity of varying gene expression onset among the differ-
ent AAV serotypes tested. We found that AAV6 had the 
highest gene transfer efficiency in heart slices (Fig.  3a). 
Heart slices incubated with AAV1 and AAV8 showed 
fewer GFP-positive cells compared to AAV6, whereas 
almost no GFP-expressing cells were detected after incu-
bation with AAV2. Furthermore, we studied virus pene-
tration through heart slices by enumerating GFP-positive 
cells on the upper and the lower surface of the slice. The 
addition of AAV6 to the top of the slice led to a high 
number of GFP-positive cells on the bottom of the slice, 
whereas the addition of the other three AAV serotypes 
resulted in very few GFP-positive cells on the bottom side 
(Fig.  3b). To investigate whether the viruses were cyto-
toxic to CMs at the concentration used, we compared the 
mCherry fluorescence intensity of virus-infected slices 
to non-infected control slices on day 5. For all four AAV 
serotypes tested, no significant difference was found, 
indicating that, at least for CMs, the doses were non-
toxic (Fig. 3c). In sum, these data demonstrate that AAV6 
has the highest gene transfer efficiency and penetration 
rate into cardiac cells without exerting cytotoxic effects.

Infiltration of AAV6 into heart slices
Having determined AAV6 as an efficient gene transfer 
vector for cardiac cells, we decided to investigate its infil-
tration into heart slices in more detail by analyzing gene 
expression kinetics and dose-response relationships. 
For this purpose, heart slices were incubated with either 
undiluted, 1:10, or 1:100 diluted AAV6 solutions. GFP 
expression was analyzed on days 1, 3, and 5 after infec-
tion by fluorescence microscopy and gene transfer was 
quantified by subsequent image analysis. GFP expres-
sion was concentration-dependent with a notable dose-
response relationship (Fig.  4a). When comparing the 
upper and the lower surface of slices over time, we found 
an increase of GFP-positive cells per slice on both sides, 
starting with almost no GFP-positive cells on day 1 and 
resulting in approximately 900 GFP-positive cells on the 
upper slice side on day 5 after incubation with undiluted 
AAV6 solution (Fig.  4b). Similarly, more GFP-positive 
cells were found over time for the 1:10 and 1:100 AAV6 
dilutions on the upper slice side. However, after incuba-
tion with 1:10 and 1:100 diluted virus solutions, we found 
almost no GFP-positive cells on the lower slice surface, 
indicating that a certain virus load is required for effective 
AAV6 infiltration of heart slices within 5 days (Fig. 4b). In 
sum, a minimum concentration of 4 × 108 AAV6 vector 
genomes per slice (approximately 1 × 108 AAV6 vector 
genomes per 1  mm3 of heart tissue) was needed to ensure 
a strong virus infiltration through 300-µm-thick organo-
typic heart slices.

Cell tropism of AAV6
To analyze AAV6 cell tropism for specific heart cells, we 
added the virus to myocardial slices and analyzed GFP 
expression in CMs and cardiac fibroblasts. Both cell 
types were readily distinguishable based on cell size and 
morphology. CMs exhibit a characteristic rod-shaped 
morphology, whereas fibroblasts have a spindle-shaped 
morphology and are smaller in size (Fig.  5a). Intrigu-
ingly, we found regions where CMs showed bright 
mCherry fluorescence and were close to each other with 
no apparent gaps (defined as CM-high area, Fig.  5b), 
and other regions with fewer CMs and more fibroblasts 
(defined as CM-low area, Fig.  5c). CMs and fibroblasts 
were analyzed for GFP expression in the CM-high area 

(See figure on next page.)
Fig. 3 Gene transfer efficiency, penetration depth, and cytotoxicity of AAV1, 2, 6, and 8. a Myocardial slices were infected with four different 
AAV serotypes. After 5 days, slices were stained with Hoechst 33342 to label nuclei. AAV-mediated GFP expression was analyzed by fluorescence 
microscopy; mCherry-positive cells indicate CMs. The images shown represent the upper slice side. Scale bars, 100 µm. b Enumeration of 
GFP-positive cells per slice. Images were taken from both the upper and the lower slice side on day 5 after infection and GFP-positive cells were 
counted. c AAV cytotoxicity. mCherry signal was measured on day 5 after AAV infection on both slice surfaces and normalized to the mCherry 
fluorescence intensity of slices without virus (control). In b and c, signals of three independent experiments with nine slices in total were quantified, 
and means and SDs (error bars) are given. n.s. indicates not significant
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5 days after infection and we found that the proportion 
of GFP-positive CMs was approximately eightfold higher 
than that of GFP-positive fibroblasts (Fig.  5d). Interest-
ingly, we saw no significant difference between the frac-
tions of GFP-positive fibroblasts in CM-high or CM-low 
regions. The efficiency of AAV6-mediated gene trans-
fer into CMs in the CM-low area could not be assessed 
due to an insufficient number of CMs. In sum, the data 
indicate that AAV6 has a strong preference for infecting 
CMs and that its low gene transfer efficiency into fibro-
blasts is independent of the local tissue structure and/or 
microenvironment.

Discussion
Gene therapy represents a promising avenue for the 
treatment of HF, but its clinical application still requires 
further investigation. In this study, we have established 
an organotypic heart slice culture model using LV tissue 
from approximately 2-week-old transgenic mice and used 
this platform to analyze AAV serotype-dependent gene 
transfer into cardiac tissue. To the best of our knowledge, 

this is the first report of AAV-mediated gene delivery in 
living myocardial slices.

Our organotypic heart slice model enables a more 
meaningful examination of potential gene therapy vectors 
due to the combination of the simplicity and accessibility 
of two-dimensional in vitro culture with the advantages 
of three-dimensional tissue complexity, which includes 
multiple cardiac cell types embedded in a three-dimen-
sional extracellular matrix network mimicking in  vivo 
heart physiology. The observed overall high viability of 
mouse myocardial slices during 5-day culture is consist-
ent with other studies in small and large mammals, such 
as rodents, dogs, and humans [29, 31]. In contrast, Ou 
et al. reported that the viability of slices from pig hearts 
decreased significantly after 2 days in culture [32]; how-
ever, this could be explained by the permanent presence 
of 2,3-butanedione monoxime in the culture medium, 
which is known to cause cell damage over time [37]. It 
has recently been demonstrated that mechanical load 
and electrical stimulation are important for maintaining 
structural and functional properties during long-term 
culture of organotypic heart slices [38–40]. Our model 

Fig. 4 AAV6 dose-dependent GFP expression kinetics in organotypic heart slices. a Myocardial slices were incubated with either undiluted (4 × 108 
vector genomes), 1:10, or 1:100 diluted virus solutions. AAV6-mediated GFP expression was analyzed by fluorescence microscopy on day 5 after 
infection. Images were taken from the upper slice side. Scale bars, 100 µm. b Quantification of time-course and concentration-dependent gene 
transfer efficiency of AAV6. GFP-positive cells were counted on both the upper and lower slice surface on days 1, 3, and 5 after AAV infection. Three 
independent experiments with six slices in total were quantified, and means and SDs (error bars) are given. n.d. indicates not detected
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does not include mechanical or electrical stimulation, 
and we acknowledge this limitation. Our future research 
efforts will focus on model development to address these 
issues accordingly.

Notably, in our heart slices we found regions with 
tightly packed CMs and regions with fewer CMs and a 
high density of fibroblasts, a characteristic of ischemi-
cally injured heart tissue [41], which likely resulted 
from damage during slice preparation or culture. These 

slices potentially provide an insight into the situation 
in infarcted and fibrotic tissues, where the CM number 
is reduced, and conceptually allow to test in  situ gene 
transfer approaches for the treatment of ischemic heart 
disease. These CM-low regions might also be useful for 
studying other repair approaches using cell replace-
ment, protein, or pharmacological therapy. Additionally, 
the reduction in viability of heart slices cultured under 
1% oxygen makes them a potentially suitable model 

Fig. 5 AAV6 cell tropism in organotypic heart slices. a To investigate AAV6-mediated GFP expression in CMs and fibroblasts, heart slices were 
infected with AAV6 and, on day 5, were probed with an antibody directed against vimentin and stained with DAPI, and were analyzed by confocal 
fluorescence microscopy. GFP-positive cells represent virus-infected cells, mCherry-positive cells indicate CMs and vimentin-positive cells indicate 
fibroblasts. b Enlarged CM-high area with tightly packed CMs and no apparent gaps between single cells. c Enlarged CM-low area with fewer CMs 
but a higher density of fibroblasts. d Percentage of GFP-positive cells per cell type. Twenty-five CMs and 25 fibroblasts with high mCherry and 
vimentin signals, respectively, were counted and analyzed for GFP expression. Four slices distributed over three independent experiments were 
quantified, and means and SDs (error bars) are given. A star indicates a significant change with p less than 0.05. n.s. indicates not significant. Scale 
bars, 100 µm (a) and 25 µm (b, c)
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for examining the acute phase of ischemic heart dam-
age when combined with glucose deprivation. In future 
studies, heart slices could be cultured under hypoxia for 
shorter time periods or under higher oxygen concentra-
tions (> 1%) to provide an appropriate testing environ-
ment for myocardial regeneration approaches.

After establishing a protocol for the culture of myo-
cardial slices, gene transfer efficiency, expression kinet-
ics, penetration depth, and cell-type tropism were 
evaluated for AAV1, 2, 6, and 8 based on AAV-mediated 
GFP expression. The addition of AAV6 to heart slices 
resulted in the highest number of GFP-positive cells, 
almost exclusively CMs. In contrast, slice incubation with 
AAV1, 2, and 8 led to fewer GFP-expressing cells, with 
AAV2 having the lowest gene transfer efficiency, agree-
ing with previous results showing that AAV2 induced 
gene expression relatively slowly in the heart [22]. Thus, 
our results indicate that AAV6 is a superior candidate 
for gene delivery into CMs. Moreover, AAV6 showed the 
deepest tissue penetration of the four serotypes tested, 
however a 300-µm-thick heart slice does not reflect the 
clinical setting, because in the human heart the LV wall 
alone is several centimeters thick [31]. Therefore, meth-
ods for increasing the penetration depth are an impor-
tant issue that must be considered in the future.

Although AVV tissue and cell tropism have been previ-
ously examined both in in vivo models and in monocellu-
lar in vitro cultures [5, 25, 42, 43], cell type-specific gene 
transfer by AAV in heart tissue has not been investigated. 
In this study, we show for the first time that AAV6 pre-
dominantly infects CMs rather than cardiac fibroblasts. 
It is not yet known whether and to what extent resident 
endothelial and smooth muscle cells are also targeted by 
AAV6, but these aspects should be the subject of future 
investigation. Modification of AAV6 cell tropism by tran-
scriptional or transductional targeting using cell-specific 
promoters or capsid modifications, respectively, could be 
applied to restrict infection to CMs and avoid potential 
negative off-target effects [6, 19, 44].

Finally, we tested the cytotoxicity of all four AAV sero-
types and found no signs of toxicity at the cellular level 
in CMs 5 days after AAV infection, which is consistent 
with the results in cell monolayer studies [43]. Of note, 
the AAV concentration used in our study is comparable 
to the doses used for systemic AAV injection in mice 
[5].  Thus, in conjunction with studies reporting a low 
genotoxicity profile [45], weak cytotoxic T-lymphocyte-
mediated toxicity [46], and no impairment of heart func-
tion after AAV injection [5, 42], our data suggest that an 
AAV dose of approximately  108 vector genomes per  mm3 
tissue could be considered safe.

Conclusions
In conclusion, we have established a myocardial 
organotypic culture model and found that AAV6 has 
the highest gene transfer efficiency into CMs. This 
knowledge will help to develop more effective gene 
delivery strategies using AAV vectors specifically tar-
geting CMs. Future research should focus on determin-
ing and minimizing off-target effects in non-myocytes, 
as well as examining the transfer of therapeutic genes 
to diseased heart slices.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1296 7-020-02605 -4.

Additional file 1. Verification of co-expression of mCherry and cTNT 
in transgenic heart slices. Heart slices were probed on day 5 with an 
antibody directed against cTNT, stained with DAPI, and were analyzed 
by fluorescence microscopy. Three images representing a 10-µm-thick 
Z-stack were merged to a single image. Scale bars, 20 µm.

Additional file 2. Validation of mCherry fluorescence intensity as indica-
tor for the number of live CMs present in heart slices of varying thickness. 
a Slices with a thickness of 100–300 µm were analyzed on day 0 for 
CM-specific mCherry expression by fluorescence microscopy. Notably, 
mCherry fluorescence intensity was not evenly distributed across the 
slice, which could be explained by mechanical damage occurring during 
the flattening of the originally curved LV cavity. Scale bars, 500 µm. b 
Quantification of mCherry fluorescence intensity normalized to that of 
300-µm-thick slices. c Absorbance of formazan normalized to that of 
300-µm-thick slices. In b and c, signals of three independent experiments 
with ten slices in total were quantified, and means and SDs (error bars) are 
given. Stars indicate significant changes with p less than 0.05.

Abbreviations
AAV: Adeno-associated virus; calcein-AM: Calcein-acetoxymethyl ester; CM: 
Cardiomyocyte; cTNT: Cardiac Troponin T; DPBS: Dulbecco’s phosphate-
buffered saline with magnesium and calcium; GFP: Green fluorescent protein; 
HF: Heart failure; LV: Left ventricular; MTS: 3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; P/S: Penicillin/
streptomycin; RT: Room temperature; SD: Standard deviation; αMHC: Alpha-
myosin heavy-chain.

Acknowledgements
We thank the Charité High Content Imaging Facility, Harald Stachelscheid, 
Valeria Fernandez Vallone, and Philipp Mergenthaler for support. We also thank 
Nicola Brindle for critical reading of the manuscript and English editing.

Authors’ contributions
Conception of the study: CS and ZL. Design of the study: ZL, KK, SN, MJ, MG, 
and CS. Data acquisition and analysis: ZL, KK, SN, MJ, MG, and CS. Drafting the 
manuscript: ZL. Critical revision of the manuscript: ZL, KK, SN, MJ, MG, and CS. 
All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. We thank 
the China Scholarship Council for financial support to ZL and gratefully 
acknowledge financial support by the Einstein Foundation Berlin through the 
Einstein Center for Regenerative Therapies (EZ-2016–289). Further support was 
provided by the Helmholtz Association through programme-oriented funding 
and by the Federal Ministry of Education and Research, Germany, in the pro-
gramme Health Research (BCRT, Grant no. 13GW0098 and 13GW0099).

https://doi.org/10.1186/s12967-020-02605-4
https://doi.org/10.1186/s12967-020-02605-4


Page 11 of 12Liu et al. J Transl Med          (2020) 18:437  

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures involving animals were conducted in accordance with the Ger-
man Animal Welfare Act and the Charité Animal Welfare Guidelines. The study 
protocol was approved by the State Office of Health and Social Affairs Berlin 
(Registration no. T0158/15).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Berlin Institute of Health Center for Regenerative Therapies, Charité – Univer-
sitätsmedizin Berlin, Berlin, Germany. 2 Department of Cardiothoracic and Vas-
cular Surgery, German Heart Center Berlin, Berlin, Germany. 3 German Centre 
for Cardiovascular Research, Partner Site Berlin, Berlin, Germany. 4 Berlin-
Brandenburg Center for Regenerative Therapies, Berlin, Germany. 5 Helmholtz-
Zentrum Geesthacht, Institute of Biomaterial Science, Teltow, Germany. 

Received: 9 July 2020   Accepted: 5 November 2020

References
 1. Savarese G, Lund LH. Global public health burden of heart failure. Card 

Fail Rev. 2017;3(1):7–11.
 2. Writing Group M, Lloyd-Jones D, Adams RJ, Brown TM, Carnethon M, 

Dai S, De Simone G, Ferguson TB, Ford E, Furie K, et al. Heart disease and 
stroke statistics–2010 update: a report from the American Heart Associa-
tion. Circulation. 2010;121(7):e46–215.

 3. Braunwald E. The war against heart failure: the Lancet lecture. Lancet. 
2015;385(9970):812–24.

 4. Tzahor E, Poss KD. Cardiac regeneration strategies: Staying young at heart. 
Science. 2017;356(6342):1035–9.

 5. Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 
1–9 mediated gene expression and tropism in mice after systemic injec-
tion. Mol Ther. 2008;16(6):1073–80.

 6. Prasad KM, Xu Y, Yang Z, Acton ST, French BA. Robust cardiomyocyte-
specific gene expression following systemic injection of AAV: in vivo gene 
delivery follows a poisson distribution. Gene Ther. 2011;18(1):43–52.

 7. Wang D, Tai PWL, Gao GP. Adeno-associated virus vector as a platform for 
gene therapy delivery. Nat Rev Drug Discov. 2019;18(5):358–78.

 8. Heilbronn R, Weger S. Viral vectors for gene transfer: current status of 
gene therapeutics. Handb Exp Pharmacol. 2010;197:143–70.

 9. Naso MF, Tomkowicz B, Perry WL, Strohl WR. Adeno-associated virus (AAV) 
as a vector for gene therapy. Biodrugs. 2017;31(4):317–34.

 10. Gao G, Alvira MR, Somanathan S, Lu Y, Vandenberghe LH, Rux JJ, Calcedo 
R, Sanmiguel J, Abbas Z, Wilson JM. Adeno-associated viruses undergo 
substantial evolution in primates during natural infections. Proc Natl 
Acad Sci USA. 2003;100(10):6081–6.

 11. Gao G, Vandenberghe LH, Alvira MR, Lu Y, Calcedo R, Zhou X, Wilson JM. 
Clades of Adeno-associated viruses are widely disseminated in human 
tissues. J Virol. 2004;78(12):6381–8.

 12. Svensson EC, Marshall DJ, Woodard K, Lin H, Jiang F, Chu L, Leiden JM. 
Efficient and stable transduction of cardiomyocytes after intramyocardial 
injection or intracoronary perfusion with recombinant adeno-associated 
virus vectors. Circulation. 1999;99(2):201–5.

 13. Gabisonia K, Recchia FA. Gene Therapy for Heart Failure: New Perspec-
tives. Curr Heart Fail Rep. 2018;15(6):340–9.

 14. Bish LT, Morine K, Sleeper MM, Sanmiguel J, Wu D, Gao G, Wilson JM, 
Sweeney HL. Adeno-associated virus (AAV) serotype 9 provides global 
cardiac gene transfer superior to AAV1, AAV6, AAV7, and AAV8 in the 
mouse and rat. Hum Gene Ther. 2008;19(12):1359–68.

 15. Pacak CA, Mah CS, Thattaliyath BD, Conlon TJ, Lewis MA, Cloutier DE, 
Zolotukhin I, Tarantal AF, Byrne BJ. Recombinant adeno-associated virus 

serotype 9 leads to preferential cardiac transduction in vivo. Circ Res. 
2006;99(4):e3-9.

 16. Inagaki K, Fuess S, Storm TA, Gibson GA, Mctiernan CF, Kay MA, Nakai 
H. Robust systemic transduction with AAV9 vectors in mice: Efficient 
global cardiac gene transfer superior to that of AAV8. Mol Ther. 
2006;14(1):45.

 17. Kawamoto S, Shi Q, Nitta Y, Miyazaki J, Allen MD. Widespread and early 
myocardial gene expression by adeno-associated virus vector type 6 
with a beta-actin hybrid promoter. Mol Ther. 2005;11(6):980–5.

 18. Wang Z, Zhu T, Qiao C, Zhou L, Wang B, Zhang J, Chen C, Li J, Xiao X. 
Adeno-associated virus serotype 8 efficiently delivers genes to muscle 
and heart. Nat Biotechnol. 2005;23(3):321–8.

 19. Muller OJ, Leuchs B, Pleger ST, Grimm D, Franz WM, Katus HA, Klein-
schmidt JA. Improved cardiac gene transfer by transcriptional and 
transductional targeting of adeno-associated viral vectors. Cardiovasc 
Res. 2006;70(1):70–8.

 20. Seiler MP, Miller AD, Zabner J, Halbert CL. Adeno-associated virus 
types 5 and 6 use distinct receptors for cell entry. Hum Gene Ther. 
2006;17(1):10–9.

 21. Su H, Huang Y, Takagawa J, Barcena A, Arakawa-Hoyt J, Ye J, Grossman 
W, Kan YW. AAV serotype-1 mediates early onset of gene expression 
in mouse hearts and results in better therapeutic effect. Gene Ther. 
2006;13(21):1495–502.

 22. Palomeque J, Chemaly ER, Colosi P, Wellman JA, Zhou S, Del Monte F, 
Hajjar RJ. Efficiency of eight different AAV serotypes in transducing rat 
myocardium in vivo. Gene Ther. 2007;14(13):989–97.

 23. Zhu X, McTiernan CF, Rajagopalan N, Shah H, Fischer D, Toyoda Y, Letts 
D, Bortinger J, Gibson G, Xiang W, et al. Immunosuppression decreases 
inflammation and increases AAV6-hSERCA2a-mediated SERCA2a 
expression. Hum Gene Ther. 2012;23(7):722–32.

 24. Kuken BN, Aikemu AN, Xiang SY, Wulasihan MH. Effect of SERCA2a 
overexpression in the pericardium mediated by the AAV1 gene transfer 
on rapid atrial pacing in rabbits. Genet Mol Res. 2015;14(4):13625–32.

 25. Rapti K, Stillitano F, Karakikes I, Nonnenmacher M, Weber T, Hulot JS, 
Hajjar RJ. Effectiveness of gene delivery systems for pluripotent and 
differentiated cells. Mol Ther Methods Clin Dev. 2015;2:14067.

 26. Watson SA, Terracciano CM, Perbellini F. Myocardial slices: an interme-
diate complexity platform for translational cardiovascular research. 
Cardiovasc Drugs Ther. 2019;33:239–44.

 27. Watson SA, Scigliano M, Bardi I, Ascione R, Terracciano CM, Perbellini F. 
Preparation of viable adult ventricular myocardial slices from large and 
small mammals. Nat Protoc. 2017;12(12):2623–39.

 28. Brandenburger M, Wenzel J, Bogdan R, Richardt D, Nguemo F, Reppel 
M, Hescheler J, Terlau H, Dendorfer A. Organotypic slice culture from 
human adult ventricular myocardium. Cardiovasc Res. 2012;93(1):50–9.

 29. Perbellini F, Watson SA, Scigliano M, Alayoubi S, Tkach S, Bardi I, Quaife 
N, Kane C, Dufton NP, Simon A, et al. Investigation of cardiac fibroblasts 
using myocardial slices. Cardiovasc Res. 2018;114(1):77–89.

 30. Thomas RC, Singh A, Cowley P, Myagmar BE, Montgomery MD, Swigart 
PM, De Marco T, Baker AJ, Simpson PC. A myocardial slice culture 
model reveals alpha-1A-adrenergic receptor signaling in the human 
heart. JACC Basic Transl Sci. 2016;1(3):155–67.

 31. Kang C, Qiao Y, Li G, Baechle K, Camelliti P, Rentschler S, Efimov IR. 
Human organotypic cultured cardiac slices: new platform for high 
throughput preclinical human trials. Sci Rep. 2016;6:28798.

 32. Ou QH, Jacobson Z, Abouleisa RRE, Tang XL, Hindi SM, Kumar A, 
Ivey KN, Giridharan G, El-Baz A, Brittian K, et al. Physiological bio-
mimetic culture system for pig and human heart slices. Circ Res. 
2019;125(6):628–42.

 33. Jensen EC. Quantitative Analysis of Histological Staining and Fluores-
cence Using ImageJ. Anat Rec. 2013;296(3):378–81.

 34. Molkentin JD, Jobe SM, Markham BE. Alpha-myosin heavy chain gene 
regulation: delineation and characterization of the cardiac muscle-
specific enhancer and muscle-specific promoter. J Mol Cell Cardiol. 
1996;28(6):1211–25.

 35. Wen Q, Gandhi K, Capel RA, Hao G, O’Shea C, Neagu G, Pearcey S, Pavlovic 
D, Terrar DA, Wu J, et al. Transverse cardiac slicing and optical imaging 
for analysis of transmural gradients in membrane potential and Ca(2+) 
transients in murine heart. J Physiol. 2018;596(17):3951–65.

 36. Griffin JM, Fackelmeier B, Fong DM, Mouravlev A, Young D, O’Carroll SJ. 
Astrocyte-selective AAV gene therapy through the endogenous GFAP 



Page 12 of 12Liu et al. J Transl Med          (2020) 18:437 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

promoter results in robust transduction in the rat spinal cord following 
injury. Gene Ther. 2019;26(5):198–210.

 37. Armstrong SC, Ganote CE. Effects of 2,3-butanedione monoxime (BDM) 
on contracture and injury of isolated rat myocytes following metabolic 
inhibition and ischemia. J Mol Cell Cardiol. 1991;23(9):1001–14.

 38. Qiao Y, Dong Q, Li BC, Obaid S, Miccile C, Yin RT, Talapatra T, Lin ZX, Li SH, 
Li ZY, et al. Multiparametric slice culture platform for the investigation of 
human cardiac tissue physiology. Prog Biophys Mol Bio. 2019;144:139–50.

 39. Watson SA, Duff J, Bardi I, Zabielska M, Atanur SS, Jabbour RJ, Simon A, 
Tomas A, Smolenski RT, Harding SE, et al. Biomimetic electromechanical 
stimulation to maintain adult myocardial slices in vitro. Nat Commun. 
2019;10(1):2168.

 40. Fischer C, Milting H, Fein E, Reiser E, Lu K, Seidel T, Schinner C, Schwar-
zmayr T, Schramm R, Tomasi R, et al. Long-term functional and structural 
preservation of precision-cut human myocardium under continuous 
electromechanical stimulation in vitro. Nat Commun. 2019;10(1):117.

 41. Fu X, Khalil H, Kanisicak O, Boyer JG, Vagnozzi RJ, Maliken BD, Sargent MA, 
Prasad V, Valiente-Alandi I, Blaxall BC, et al. Specialized fibroblast differen-
tiated states underlie scar formation in the infarcted mouse heart. J Clin 
Invest. 2018;128(5):2127–43.

 42. Zincarelli C, Soltys S, Rengo G, Koch WJ, Rabinowitz JE. Comparative car-
diac gene delivery of adeno-associated virus serotypes 1–9 reveals that 

AAV6 mediates the most efficient transduction in mouse heart. Cts-Clin 
Transl Sci. 2010;3(3):81–9.

 43. Ambrosi CM, Sadananda G, Han JL, Entcheva E. Adeno-associated virus 
mediated gene delivery: implications for scalable in vitro and in vivo 
cardiac optogenetic models. Front Physiol. 2019;10:168.

 44. Buning H, Srivastava A. Capsid modifications for targeting and improving 
the efficacy of AAV vectors. Mol Ther Methods Clin Dev. 2019;12:248–65.

 45. Gil-Farina I, Fronza R, Kaeppel C, Lopez-Franco E, Ferreira V, D’Avola D, 
Benito A, Prieto J, Petry H, Gonzalez-Aseguinolaza G, et al. Recombinant 
AAV integration is not associated with hepatic genotoxicity in nonhuman 
primates and patients. Mol Ther. 2016;24(6):1100–5.

 46. Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M, Rasko JJ, Ozelo MC, 
Hoots K, Blatt P, Konkle B, et al. Successful transduction of liver in hemo-
philia by AAV-Factor IX and limitations imposed by the host immune 
response. Nat Med. 2006;12(3):342–7.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Comparative analysis of adeno-associated virus serotypes for gene transfer in organotypic heart slices
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	AAVs
	Heart slice preparation
	Heart slice culture
	Heart slice viability analysis
	AAV infection and gene transfer analysis
	Immunohistochemistry
	Statistical analysis

	Results
	Characteristics and viability of organotypic heart slices
	Gene transfer efficiency, penetration depth, and cytotoxicity of AAV1, 2, 6, and 8
	Infiltration of AAV6 into heart slices
	Cell tropism of AAV6

	Discussion
	Conclusions
	Acknowledgements
	References




