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simultaneous detection of tissue morphology, immuno-
fluorescence markers and native emission of fluorescent 
proteins (i.e., GFP). We compared a variety of procedures 
of fixation, antigen unmasking and tissue permeabiliza-
tion, to identify the best combination for preservation of 
myocardial morphology and native GFP fluorescence, 
while simultaneously allowing detection of antibody 
staining toward sarcomeric, membrane, cytosolic and 
nuclear markers. Furthermore, with minimal variations, 
we implemented such protocol for the study of human 
heart samples, including those already fixed and stored 
with conventional procedures, in tissue archives or bio-
banks. In conclusion, a procedure is here presented for 
the laboratory investigation of the heart, in both rodents 
and humans, which accrues from the same tissue section 
information that would normally require the time-con-
suming and tissue-wasting observation of multiple serial 
sections.
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Abbreviations
AAV9	� Adeno-associated virus serotype 9
α/βMyHC	� α/β-Myosin Heavy Chain
BSA	� Bovine serum albumin
CHMP2B	� Charged multivesicular body protein 2B
Cx43	� Connexin-43
EGFP	� Enhanced green fluorescent protein
FF-PE	� Formalin-fixed paraffin-embedded
FP	� Fluorescent protein
GFP	� Green fluorescent protein
HHT	� Heterotopic heart transplant
IF	� Immunofluorescence

Abstract  Morphological and histochemical analysis of 
the heart is fundamental for the understanding of cardiac 
physiology and pathology. The accurate detection of dif-
ferent myocardial cell populations, as well as the high-
resolution imaging of protein expression and distribution, 
within the diverse intracellular compartments, is essen-
tial for basic research on disease mechanisms and for the 
translatability of the results to human pathophysiology. 
While enormous progress has been made on the imag-
ing hardware and methods and on biotechnological tools 
[e.g., use of green fluorescent protein (GFP), viral-medi-
ated gene transduction] to investigate heart cell structure 
and function, most of the protocols to prepare heart tis-
sue samples for analysis have remained almost identi-
cal for decades. We here provide a detailed description 
of a novel protocol of heart processing, tailored to the 
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PBS	� Phosphate-buffered saline
PFA	� Paraformaldehyde
SMA	� Smooth muscle actin
WT	� Wild type

Introduction

The green fluorescent protein (GFP) (Cody et  al. 1993; 
Prasher et  al. 1992) and its enhanced numerous variants 
represent a broad toolkit of fluorescent proteins (FPs) for 
the study of different biological and biochemical pro-
cesses (Chalfie et  al. 1994; Heim et  al. 1994). FPs have 
been widely used for the generation of transgenic ani-
mals (Diekmann et  al. 2015; Fasulo and Sullivan 2014; 
Hakamata et  al. 2001; Matsunari et  al. 2014; Miles et  al. 
2013; Okabe et al. 1997; Ormo et al. 1996) and represent 
useful markers for gene expression in experimental embry-
ology, in the study of cellular structures or dynamics, as 
well as in regenerative medicine (Karussis et al. 2013; Kuai 
et al. 2015; Maldonado-Soto et al. 2014; Murry et al. 2004; 
Wang et al. 2014; Wu et al. 2015). For the optimal perfor-
mance of such experiments, it is advisable to obtain, in the 
same tissue sample, information both on FP native fluores-
cence and on cell morphology and function by immuno- or 
histochemical analyses. However, retention of GFP within 
tagged cells, and even more so at the correct subcellu-
lar locations, requires intense tissue fixation (Chalfie and 
Kain 2005), which has to preserve FP conformation (Brejc 
et al. 1997; Li et al. 1997; Ormo et al. 1996), but inevita-
bly causes autofluorescence and protein cross-linking (Del 
Castillo et  al. 1989; Noonberg et  al. 1992). This problem 
is particularly evident in striated muscles, due to the con-
current presence of several cell types of diverse morphol-
ogy and size, and the inherent refractoriness of myocytes 
to antibody penetration, for the presence of densely packed 
myofibrils. At present, methods of tissue fixation allowing 
simultaneous detection of GFP and cell surface markers 
have been described for the lymphoid tissue (Kusser and 
Randall 2003). To the best of our knowledge, such methods 
have not been reported for the investigation of heart sam-
ples. In order to overcome this obstacle, immunofluores-
cence (IF) has been performed in unfixed sections, while 
adjacent ones were subsequently fixed with formaldehyde 
vapors, to detect native GFP fluorescence (Jockusch et al. 
2003; Jockusch and Eberhard 2007). The main limitations 
of such approach are, however, represented by the time 
expenditure of the experimental procedure using serial 
sections, and the reduced preservation of tissue morphol-
ogy and GFP fluorescence, all of which are not convenient 
for the detection and characterization of cells infiltrating 
or engrafting the myocardium (e.g., inflammatory or stem 

cells). The goal of our study was to develop a method of 
tissue fixation and permeabilization that simultaneously 
fulfills a series of requirements: (1) preservation of native 
GFP fluorescence; (2) preservation of tissue morphology 
and antigenicity and (3) detection of intracellular and extra-
cellular epitopes. We validated such protocol in experimen-
tal models of cell therapy and viral gene delivery. In addi-
tion, we adapted our epitope-unmasking protocol to obtain 
IF staining in formalin-fixed, paraffin-embedded (FF-PE) 
human heart samples, demonstrating that our procedure can 
be exploited for the detailed analysis of postmortem human 
myocardial samples.

Materials and methods

General reagents

Zoletil (tiletamine cloridrate plus zolepam cloridrate) 
and Xilor (2 % xilazine) were used for animal anesthesia. 
Paraformaldehyde (PFA), ethanol, xilene, sucrose, bovine 
serum albumin (BSA) and Triton X-100 were obtained 
from Sigma-Aldrich (Milan, Italy). Primary antibodies 
used in this study are listed in Table 1. Secondary antibod-
ies were provided by Jackson Lab (UK).

Equipment

In this study, we used: 0.5-ml syringes; 18G and 22G nee-
dles; 5/0 propylene suture; silicon tubes; peristaltic pump; 
Superfrost Plus coverslips; surgical instruments; coplin jar; 
microwave; cryostat (Leica CM1850, Leica Microsystems 
GmbH, Wetzlar, Germany); microtome (Jung AG, Heidel-
berg, Germania); fluorescence microscope (Leica DC130, 
Leica Microscopes, Germany) and confocal microscope 
(Leica TCS-SP5).

Animal models

The following animal models were studied: wild-type 
(WT) C57BL/6J male mice (Charles River, Milan, Italy); 
transgenic male mice expressing the enhanced GFP under 
the control of β-actin promoter (C57BL/6-Tg(CAG-
EGFP)1Osb/J, Jackson Laboratories, Bar Harbor, Maine, 
USA); WT Sprague–Dawley rats (Harlan Lab., Milan, 
Italy), as well as GFP +  transgenic rats (a gift from Dr. 
Okabe, University of Osaka, Japan) (Ito et  al. 2001). All 
experimental procedures described in this manuscript 
have been approved by the institutional ethical commit-
tee (authorization number VIMM/C54) and communicated 
to the relevant Italian authority (Ministero della Salute, 
Ufficio VI), in compliance with Italian Animal Welfare 
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Law (Laws n 116/1992, D.Lgs 26/2014 and subsequent 
modifications).

Heterotopic heart allo‑transplantation

Male GFP  +  transgenic rats (3 months old, 200–250  g) 
were used as heart recipients, while heart donors were WT 
male rats (2 months old, 150–200  g). Heterotopic heart 
transplantation was performed according to the method 
described by Ono and Lindsey (Yokoyama et  al. 1995), 
slightly modified at our center (Dedja et al. 2005). Donor 
rats were anesthetized by isoflurane (FORANE®, Abbott 
SpA, Campoverde di Aprilia) at 1–1.5 % with oxygen and 
treated with 5  mg/kg of intraperitoneal tramadol. After 
donor heparinization, hearts were removed, perfused with 
the cardioplegic preservation solution CELSIOR (CS) 
(Imtix, Sangstat, Lyon) for few minutes and then trans-
planted, under magnification, into the abdomen of the 
recipient. The donor’s aorta and the pulmonary artery were 
anastomized to the recipient’s abdominal aorta and abdom-
inal vena cava, respectively. Transplanted animals were 
treated with 5 mg/kg tramadol, injected i.m. twice daily in 
the first two postoperative days. To prevent infections, the 
antibiotic terramycin LA (Pfizer) (60  mg/kg) was admin-
istered subcutaneously to the transplanted animals. Cyclo-
sporine A (SANDIMMUNE®, Novartis Italia, Rome), 
10  mg/kg/day was injected i.m., during post-op period. 
Transplanted rats were killed 15  days after surgery and 
hearts processed as described in “Results” section.

Heart perfusion with PFA

For heart perfusion, the rat and mouse thoracic cavity was 
opened and the aorta was cannulated in the abdomen with 
an 18-G needle (for rats) or 22-G needle (for mice), respec-
tively. The right and left carotid arteries were occluded, and 
the inferior vena cava was cut to allow outflow of the fixa-
tive. Hearts were retrogradely perfused, using a peristaltic 
pump, with 50 ml (rats) or 20 ml (mice) of 1× PBS at a 
rate of 200  ml/h (rat) or 75–100  ml/h (mouse), followed 
by 150 ml or 30 ml of 4 % PFA, respectively. In the trans-
planted rats, at the time of killing, the abdominal cavity 
was opened, the right iliac artery was cannulated, and the 
abdominal aorta was cut. A peristaltic pump was connected 
to the iliac artery and the heterotopic heart perfused as 
previously described. At the end of perfusion, hearts were 
washed in 1× PBS and dehydrated in sucrose gradient (p:v 
in H2O) (i.e., 5  % sucrose for 15  min; 15  % sucrose for 
30 min and 30 % sucrose overnight at 4 °C).

Human samples and processing

We analyzed postmortem heart samples archived in the his-
torical collection of the institute of Pathological Anatomy 
of the University of Padova and acquired during routine 
postmortem clinical investigations. Samples were anony-
mous to the investigators and used in accordance with the 
directives of the national committee of Bioethics and Rac-
comandazione (2006) della Commissione dei Ministri degli 

Table 1   Primary antibodies and technical conditions used in this study

Antigen Antibody features Treatment

α/β-MyHC Rabbit polyclonal 1:5 (Sartore et al. 1981) Microwave–Triton

CD117 Mouse monoclonal 1:100 (PE-conjugated) (BD Pharmingen) No treatment

CD163 Mouse monoclonal 1:50 (Serotec, Clone ED2) No treatment

CD31 Mouse monoclonal 1:10, PE-conjugated (BD Pharmingen, clone TLD-3A12) No treatment

CD45 Mouse monoclonal 1:50, Cy5-conjugated (BD Pharmingen, clone OX5) No treatment

Connexin-43 Mouse monoclonal 1:50 (Chemicon, clone 4E6.2) Microwave–Triton

Desmin Rabbit polyclonal 1:10 (Cappel) Microwave–Triton

β-Dystroglican Rabbit polyclonal 1:200 (Novocastra) Microwave–Triton

Dystrophin Rabbit polyclonal 1:500 (Abcam) Microwave–Triton

GATA-4 Rabbit polyclonal 1:50 (Santa Cruz, H-112) Microwave–Triton

GFP Rabbit polyclonal 1:100 (Molecular Probes, A-11122) Microwave–Triton

Ki-67 Rabbit polyclonal 1:50 (Novocastra, NCL-Ki67p) Microwave–Triton

Laminin Rabbit polyclonal 1:50 (Sigma) No treatment

Nkx2.5 Goat polyclonal 1:200 (Santa Cruz, N-19) Microwave–Triton

Reca-1 Mouse monoclonal 1:50 (Abcam) No treatment

α-Smooth muscle actin Mouse monoclonal 1:100 (Sigma, clone 1A4) Microwave–Triton

Tyrosine hydroxylase Rabbit polyclonal 1:300 (Chemicon) Microwave–Triton

Vimentin Mouse monoclonal 1:1000 (Sigma, clone V9) Microwave–Triton
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Stati Membri sull’utilizzo di campioni biologici di origine 
umana per scopi di ricerca. The heart samples used in 
this study underwent prolonged formalin fixation (range 
from 3 to 6 weeks), followed by paraffin inclusion (PER-
INTELSINT RVG/2 KALTEK srl). Microtome processed 
sections (3  µm thick) were placed on glass coverslips 
(Superfrost plus).

Microwave irradiation of heart slices

The cover glasses with the slides were placed in a glass 
case, lying on their long edge, and subsequently immersed 
in a jar filled with 200 ml of 1 mM EDTA, pH 8.00. A prac-
tical solution to maintain homogenous heat distribution 
(Shi et al. 1991) in the buffer volume was to always fill the 
jar with equal number of coverslips, by adding empty ones 
if necessary.

Adult mouse infection

AAV9-GFP-U6-CHMP2Bsh (1  ×  1012) (Vector Biolabs) 
was delivered, by tail injection, to adult (3 months old) 
C57BL/6J wild-type mice. A control group of mice injected 
with the viral vehicle (1× PBS) was also set up. Animals 
were killed 6 weeks after viral infection.

Results

Comparison of different fixation protocols 
on preservation of tissue morphology and GFP 
fluorescence

To determine the best strategy to both maintain the integ-
rity of myocardial morphology and preserve the native GFP 
fluorescence, we compared different fixation protocols in 
hearts from transgenic rats and mice, expressing enhanced 
GFP (EGFP) under control of the β-actin promoter. Com-
parison was made between hearts:

1.	 snap frozen in liquid nitrogen;
2.	 fixed by immersion in 4 % PFA (Sigma, Milan, Italy) 

(v:v in 1× PBS) for 2 h at room temperature;
3.	 perfused with 4 % PFA.

Irrespective of the protocol used, the hearts were dehy-
drated in sucrose gradient, embedded in OCT matrix 
(Kaltek, Padova, Italy) and subsequently snap frozen in 
liquid nitrogen. After freezing, ten-micron-thick ventricu-
lar cryosections were prepared at the cryostat and used for 
both histological and immunofluorescence (IF) analysis 
and microscopy. As shown in Fig. 1a, b, snap-freezing the 

hearts without fixation (1) caused, as expected, gross alter-
ation of myocardial structure and disappearance of EGFP 
fluorescence. On the contrary, PFA fixation allowed pres-
ervation of both morphology and EGFP fluorescence, the 
latter remaining better preserved in PFA-perfused (3), than 
in PFA-immersed (2) hearts.

Identification of the optimal antigen retrieval protocol

It is well known that PFA perfusion either abolishes or 
drastically reduces immunoreactivity with the majority of 
the antibodies used routinely in cardiovascular studies. To 
preserve native EGFP fluorescence and unmask protein 
epitopes for specific antibody reactions, we tested different 
treatments:

1.	 microwave irradiation;
2.	 Triton X-100 permeabilization;
3.	 a combination of (1) and (2).

For microwave irradiation (see ‘Materials and meth-
ods’), different conditions of microwave power and irradia-
tion times were tested to permeabilize heart cryosections 
while preserving the EGFP fluorescence. We found that 
microwave treatment for 10 min (i.e., a condition normally 
used when processing paraffin sections) dimmed signifi-
cantly EGFP fluorescence, compared to the non-irradiated 
controls (Fig.  2a, b). This is likely due to temperature-
dependent EGFP denaturation and disruption of the barrel-
like conformation of the fluorescent protein (Yang et  al. 
1996). We identified the optimal antigen retrieval protocol 
to consist in three consecutive heat–cool cycles with 5-min 
heating at a power of 240 W (W), followed by slow cool-
ing to 37 °C. The peak temperature of the coverslip bath-
ing buffer ranged between 65 and 68 °C at the end of the 
heating cycle. These parameters allowed optimal preserva-
tion of native EGFP fluorescence and antigenicity, as dem-
onstrated by subsequent immunostaining with an anti-GFP 
antibody, as well as tissue cyto-architecture (Fig. 2c–e). On 
the contrary, lower or higher number of microwave cycles 
decreased the antigen retrieval efficiency or preservation of 
tissue morphology, respectively.

Heart section permeabilization

Microwave treatment was followed by IF staining, and 
we initially tested an antibody specific for the sarcomeric 
marker, α/β-Myosin Heavy Chain (α/β-MyHC) (Fig. 3a). 
Immunoreactivity was totally abolished by PFA perfu-
sion (Fig.  3, NT) and only partially reconstituted by 
microwave treatment alone (Fig.  3, Mw). Based on our 
results, we thus used Triton X-100, a nonionic surfactant, 
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previously used in both electron microscopy and light 
microscopy (Isobe et  al. 1991; Schikorski 2010), to per-
meabilize the tissue and increase the immunostaining 
efficiency. Permeabilization alone was not sufficient to 
retrieve antigenicity (Fig. 3, Tr). The IF protocol was thus 
performed by incubating microwave-treated sections, with 
the primary (anti-α/β-MyHC, 12  h at 4  °C, then 2  h at 
37 °C) and, subsequently, the secondary antibodies (2 h at 
37 °C), both diluted in 1× PBS, supplemented with 1 % 
BSA and 1 % Triton X-100. We found that higher Triton 
concentrations (from 2 to 10 %) compromise preservation 
of tissue morphology and antigenicity, while lower (from 
0.1 to 0.5 %) were not sufficient to achieve homogeneous 
immunostaining. In addition, too short Triton X-100 treat-
ment (from 1 to 2 h at 37 °C) prior to heart slice incuba-
tion with primary antibodies did not allow obtaining good 
immunoreactivity. Combination of microwave and pro-
longed Triton treatment leads to full reconstitution of tis-
sue immunoreactivity, without reducing the native EGFP 
fluorescence (Figs.  2c, 3, Mw/Tr), nor altering tissue 
morphology (Fig. 2d). In addition, such treatment blunts 

tissue autofluorescence and prevents aspecific interac-
tions of secondary antibodies with tissue antigens (Suppl. 
Fig. 1–2).

Validation of the optimized method for immunostaining 
with examples of different antigens

To further validate our protocol, we tested antibodies for 
various proteins expressed by different myocardial cell 
types, at diverse subcellular location, including other car-
diomyocyte sarcomeric proteins (i.e., desmin) (Fig.  3b); 
smooth muscle actin (SMA), expressed by muscular cells 
of the blood vessels (Fig.  3c); nuclear proteins, such as 
the transcription factors GATA-4 and Nkx2.5, expressed 
by most myocardial cells (Fig. 3d); connexin-43, forming 
the cardiac gap junctions (Fig.  3e) and the intermediate 
filament marker vimentin (not shown). Reduced number 
of Mw heating cycles and lower intensity permeabilization 
were sufficient for the detection of plasma membrane-asso-
ciated proteins, such as CD31 and RECA-1 (for endothe-
lial cells) (Fig.  3f), laminin (Fig.  3g) and dystrophin/

Fig. 1   Comparison of different fixation protocols and microwave 
treatments on heart sections from GFP-positive transgenic rats. a 
Hematoxylin–eosin staining on ventricular sections from hearts 
which underwent: no fixation (left panel), PFA-immersion (middle 
panel) or PFA-perfusion fixation (right panel). b Microscope imag-

ing analysis of native EGFP fluorescence intensity (green signal) on 
ventricular sections which underwent: no fixation (left panel), PFA-
immersion (middle panel) or PFA-perfusion fixation (right panel). 
The white lines in b evidence cardiomyocytes (CM). Images in a, b 
are details from the left ventricular wall
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dystroglicans (not shown). The same protocol was tested 
with a similar panel of antibodies in mouse heart samples 
(Suppl. Fig. 3).

In conclusion, we set up a protocol of tissue fixation and 
permeabilization that: (1) preserves tissue morphology; 
(2) demonstrates good sensitivity in the detection of both 

native EGFP and anti-GFP staining and (3) allows simulta-
neous imaging of native EGFP and IF staining on the same 
heart section.

Application of the method in cardiovascular stem cell 
biology research

The use of pluripotent and progenitor cells is a common 
method in stem cell therapy and cardiovascular regenera-
tive medicine (Chen et al. 2015; Dixit and Katare 2015), 
with the goal of repopulating the damaged myocardium. 
Labelling of the transplanted cells with GFP allows to 
identify and characterize the fate of the cells engrafting 
the myocardium. However, engrafting cells are typically 
very rare and can potentially differentiate in any of the 
myocardial cell types, including endothelial, smooth mus-
cle, fibroblasts and cardiomyocytes. For these reasons, it 
is important to unequivocally detect GFP-expressing cells 
in the heart sections with high sensitivity and detect, at 
the same time, markers of cell commitment (i.e., tran-
scription factors) and differentiation (i.e., structural pro-
teins). Here, we applied our sample processing protocol to 
image EGFP expressing cells in the experimental model 
of heterotopic heart transplant, previously used to deter-
mine the cardiogenic potential of circulating cells (Ausoni 
et al. 2005; Dedja et al. 2006). In this model, hearts from 
wild-type (WT) rats were transplanted into the abdomen 
of EGFP transgenic rat hosts, leading to the engraftment 
of EGFP circulating cells in the heterotopic transplanted 
heart (Fig.  4a). Sections obtained from the transplanted 
heart and processed using the protocol described above 
were stained with anti-GFP antibody, revealed with a red 
fluorescent-conjugated secondary antibody. Images of the 
sections were acquired, and fluorescent cells were inde-
pendently counted in the red and green channels. The 
method did not alter myocardial cytoarchitecture (Suppl. 
Fig.  4a–b) and enhanced sensitivity in the detection of 
small non-cardiac GFP-positive cells engrafting the donor 
heart (Fig. 4a, b). In fact, cells scored positive in the red 
channel (anti-GFP IF) resulted all positive for EGFP 
when processed with our optimized protocol, while con-
ventional fixation and IF protocols introduced false-nega-
tive results due to the variable reduction of EGFP fluores-
cence in a significant portion of donor-derived engrafting 
cells (see arrowheads in Fig. 4a, b). Such improved pro-
tocol was instrumental to the characterization of cell dif-
ferentiation and lineage markers. We could easily detect 
cells immunoreactive for membrane proteins, such as the 
pan hematopoietic marker CD-45, the macrophage marker 
CD-163 and the widely used stem cell marker c-kit (CD-
117) (Fig.  4c, d). Moreover, the combination of micro-
wave and Triton X-100 treatment improved the stain-
ing with antibodies for nuclear and sarcomeric proteins. 

Fig. 2   Comparison of different microwave treatments on heart sec-
tions from GFP-positive transgenic rats. a–c Microscope imaging 
analysis of native EGFP fluorescence intensity (green signal) on 
ventricular sections from PFA-perfused hearts upon: no treatment 
(a), prolonged (240 Watt for 10 min) (b) and a short, but repetitive 
(240 W 5 min. for 3 times) (c, left panel) microwave treatments. The 
section in c was also co-stained with an anti-GFP antibody (right 
panel, red signal). Images in a–c are details from the left ventricular 
wall. d, e Hematoxylin–eosin staining on PFA-perfused ventricular 
sections upon: no treatment (d) and microwave–Triton treatment (e)
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Fig. 3   Validation of the new protocol for the immunofluorescence 
analysis of heart sections from GFP-positive transgenic rats. a–g 
Immunofluorescence and microscope analysis on serial ventricu-
lar sections which underwent: no treatment (NT); microwave (Mw); 
Triton (Tr) or ‘microwave + Triton’ (Mw/Tr) treatments. Heart sec-
tions were stained with antibodies to: α/β-Myosin Heavy Chain 
(α/β-MHC) (a); desmin (b); smooth muscle actin (c, SMA); GATA-4 

(d); connexin-43 (e, cx-43); CD31 (f, left panel) and laminin (g, 
left panel) (all red signals). The signal of native EGFP fluorescence 
(green signal), upon the combination of Mw/Tr treatments, is shown 
in the right panels. Images are all details from the left ventricle. 
The white arrow in d evidences a GATA-4-positive cardiomyocyte 
nucleus
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Figure 4e shows a cluster of typical EGFP-positive cells 
expressing the nuclear Ki-67, a marker of cycling cells, 
and Fig.  4f, g shows rare EGFP cells expressing the 
myocardial transcription factors GATA-4 and Nkx2.5, 

respectively. Consistent with our previous findings, rare 
EGFP-positive cells, expressing markers of mature car-
diomyocytes (i.e., α-MyHC), were also detected (Fig. 4h). 
Identification and counting of such cells was much more 
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easily performed using this improved method than the 
much more laborious one employed in our previous study.

Application of the method in studies using 
viral‑mediated gene delivery

Delivery of DNA or RNA in the heart cells by viral vectors 
(mainly AAV9) is largely used in cardiac gene therapy and 
molecular medicine (Bish et al. 2008a, b). The GFP gene is 
frequently included in the viral construct, either fused with 
the gene of interest or independently transcribed, to label and 

allow identification of the transduced cells in the tissue. Given 
that multiple factors may impact on the expression level of 
the virally encoded proteins (gene promoter, time from infec-
tion, targeted cell type), it is of paramount importance to use 
processing protocols preserving the highest degree of native 
GFP fluorescence. In addition, direct imaging of GFP, with-
out the need of anti-GFP antibodies to amplify the fluores-
cence signal, allows easier co-staining with antibodies raised 
in the most widely used species (i.e., rabbit, mouse, goat).

We have previously addressed the role of the ESCRTIII 
protein CHMP2B, in the regulation of cardiomyocyte 
autophagy, by transducing shRNA targeted to CHMP2B 
with AAV9 vector (AAV9-GFP-U6-CHMP2Bsh) in adult 
WT mice (Zaglia et al. 2014). Assessment of the autophagy 
flux is based on the simultaneous detection of the expres-
sion level and subcellular localization of multiple proteins 
associated with autophagosomes and lysosomes. Such 
experiment required a time-consuming triple co-IF with 
antibodies raised in different species, like anti-LC3 (raised 
in rabbit), anti-p62 (raised in guinea pig) or anti-LAMP2a 
(in rat), all in combination with the anti-GFP to iden-
tify transduced cells. Our improved IF protocol allowed 
to detect transduced cells by direct imaging of GFP, thus 
reducing the complexity of the experiment (from a triple to 
a double co-IF) and allowing better correlation between the 
expression level of the transduced gene and the biological 
phenotype (Fig. 5; Suppl. Fig. 4c–d).

Adaptation of the epitope‑unmasking protocol 
in formalin‑fixed, paraffin‑embedded human heart 
samples

Based on the efficiency of our improved IF protocol 
described above, we exploited it for the analysis of cellular 
and subcellular markers in human autoptic heart samples. 

Fig. 5   Application of the method in studies using viral-mediated 
gene delivery. a–c Confocal immunofluorescence analysis on heart 
sections from C57B6/6J WT mice that underwent AAV9-GFP-U6-
CHMP2Bsh infection. Sections were treated with both microwave 

and Triton to detect native EGFP (a green signal) and simultaneously 
the staining with antibodies to LC3 (b pink signal) and LAMP2 (c 
red signal)

Fig. 4   Application of the new protocol to the characterization of 
small EGFP-positive infiltrating cells in rat heterotopic heart trans-
plants (HHT). a, b Immunofluorescence (IF) analysis on ventricu-
lar sections from heterotopic heart transplants fixed by either PFA 
immersion (a) or PFA perfusion (b). Sections were stained with an 
antibody specific for GFP (right panels, red signals). The left pan-
els show the signal of the native EGFP fluorescence (green signals). 
c IF analysis on untreated HHT sections which underwent to detec-
tion of native EGFP (left panel, green signal) and simultaneous co-
staining with antibodies specific for CD-45 (middle panel, red sig-
nal) and CD-163 (right panel, blue signal). d Confocal IF analysis 
on untreated HHT sections which underwent to detection of native 
EGFP (left panel, green signal) and simultaneous staining with an 
antibody to the stem cell marker CD117 (middle panel, red signal). 
The right panel shows the merge of EGFP and CD117 signals. e–g 
Confocal IF analysis on ventricular sections from HHT. The combi-
nation of microwave treatment and Triton permeabilization allows 
the simultaneous detection of native EGFP (left panels, green sig-
nals) and the nuclear antigens: Ki-67 (e); GATA-4 (f) and Nkx2.5 (g) 
(middle panels, all red signals). The right panels in e–g represent the 
merges of the GFP signal and the antibody staining. White arrows 
indicate the circulating GFP+ cells engrafted into the myocardium 
and expressing proliferation markers (e) or cardiac transcription fac-
tors (f–g). h Confocal IF analysis on HHT sections treated with both 
microwave and Triton to detect simultaneously native EGFP (left 
panel, green signal) and α-MyHC (middle panel, red signal). The 
right panel shows the merge of the EGFP and α-MyHC signals. The 
white arrow indicates a mature GFP-positive cardiomyocyte

◂
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These postmortem tissues underwent prolonged forma-
lin fixation and paraffin embedding (FF-PE), the conven-
tional procedure used in pathological anatomy worldwide 
for heart preservation and processing with standard mor-
phological analyses. In this context, the problem is obvi-
ously not imaging FPs, but rather being able to efficiently 

perform IF in human samples from healthy and diseased 
hearts, which would represent a valuable resource for 
translational medicine. Unfortunately, the samples col-
lected in such repositories have often undergone prolonged 
fixation, which offers optimal preservation of tissue mor-
phology, without compromising the efficiency of standard 

Fig. 6   Validation of the new immunofluorescence protocol on forma-
lin-fixed and paraffin-embedded human heart sections. a Hematoxy-
lin–eosin staining on serial transmural left ventricular sections under-
gone: no treatment (NT, left panel) or ‘microwave + Triton’ (Mw/Tr, 
right panel). b–e Confocal immunofluorescence analysis on serial 
transmural left ventricular sections undergone: no treatment (NT); 

microwave (Mw); Triton (Tr) or ‘microwave + Triton’ (Mw/Tr) treat-
ments. Heart sections were stained with antibodies to: smooth muscle 
actin (b SMA), sarcomeric α-actinin (c), dystrophin (d), the sympa-
thetic neuron marker tyrosine hydroxylase (e TOH) (all red signals, 
except dystrophin, green). Note that the combination of Mw/Tr sig-
nificantly increases the efficiency of antibody staining
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histological analyses, used for the study of gross myocar-
dial morphology, such as hematoxylin–eosin and trichrome 
staining. However, a strong fixation in formalin precludes 
the possibility to use methods of investigations useful to 
dissecting cellular, subcellular and molecular structures 
(e.g., confocal IF).

To this purpose, we adapted our protocol of tissue epitope 
unmasking and permeabilization, based on the combination 
of microwave and Triton X-100, for IF in human heart sec-
tions. FF-PE heart sections (3 µm thick) underwent, sequen-
tially: (1) deparaffinization; (2) microwave treatment; (3) 
Triton X-100 tissue prepermeabilization and (4) IF staining. 
For microwave treatment (2), heart sections, immersed in 
1 mM EDTA pH 8.00, were irradiated at a power of 750 W, 
and the bathing buffer was boiled for 45 s, before slow cool-
ing to 45 °C. Such cycle was repeated for eight consecutive 
times. To improve homogeneity and intensity of IF staining 
(in Fig.  6b, c, compare panels Mw, Tr and Mw/Tr), heat-
based epitope unmasking was associated with incubation 
of heart sections in 1× PBS, supplemented with 1 % BSA 
and 10 % Triton X-100, for 2 h at 37 °C (3). Permeabiliza-
tion was prolonged overnight at 4 °C, in the presence of the 
primary antibody (4). Even if seemingly strong, such com-
bination of microwave and Triton treatments did not dam-
age myocardial morphology (Fig. 6a). A lower microwave 
power or number of heat–cool cycles as well as reduced 
Triton X-100 concentration decreased the antigen retrieval 
efficiency. On the contrary, a stronger unmasking/permea-
bilization protocol compromised preservation of protein 
antigenicity and myocardial cytoarchitecture. This protocol 
was validated by using antibodies to sarcomeric proteins 
(i.e., α-actinin), SMA (Fig.  6b, c), as well as cardiomyo-
cyte membrane-associated proteins, such as dystrophin (see 
Fig. 6d; Suppl. Fig. 5 for controls). In addition, our proce-
dure allowed revealing small and fragile heart components, 
e.g., adrenergic neuronal processes infiltrating the myocar-
dial interstitium, without altering their fine morphological 
features (Fig. 6e).

Conclusions

We here implemented a protocol of tissue unmasking and 
permeabilization allowing simultaneous IF and detection 
of GFP in mammalian hearts from different experimental 
models, as well as IF in FF-PE human hearts. In summary, 
the key steps of our optimized procedure are:

1.	 for fixation of experimental hearts we recommend 
heart perfusion as it ensures uniform distribution of the 
fixative and allows shorter treatment duration, while 
preserving myocardial morphology and native FP fluo-
rescence;

2.	 during antigen unmasking with microwave irradiation, 
the critical points are the tight temperature control and 
the duration of heating cycles. Tissue temperature must 
be high enough to break the cross-bridges generated by 
the fixative, but no so high as to damage tissue integrity 
and FP fluorescence. For human heart samples, strong 
irradiation was used to increase homogeneity in tissue 
unmasking, given that samples had been fixed for pro-
longed time and did not express FPs;

3.	 tissue permeabilization achieved using nonionic sur-
factants (e.g., Triton X-100) was found to improve 
antibody penetration and increase the signal of the spe-
cific versus background fluorescence.

Discussion

The study of myocardial histology and protein expression 
has classically been a fundamental step in the understand-
ing of cardiac physiology and pathology. The many discov-
eries in cellular and molecular biology have brought about 
the necessity of more accurate and detailed analyses of 
myocardial cells in their tissue context. A great impulse in 
the investigation of cell biology derived from the discov-
ery of GFP, which was soon used as a marker of cell line-
age, as well as to label intracellular organelles and specific 
proteins, and all these approaches were rapidly applied to 
the investigation of heart biology. In parallel, the study of 
experimental medicine benefited from technological devel-
opment of microscopy methods, which now allow detection 
of fluorescence in deep tissues at high spatial detail, and 
simultaneous discrimination of several light colors (i.e., 
fluorescence spectral windows).

Despite these progresses, most of the methods used for 
sample preparation and processing have remained almost 
identical for few decades, and as such, they suffer from 
important limitations when combined detection of FPs and 
antibody staining (e.g., IF) is required. One of the prob-
lems in the detection of FP-labelled cells is the high solu-
bility of the fluorescent moiety that requires rather intense 
fixation of the sample, to preserve the FP conformation 
(Chalfie and Kain 2005; Ormo et al. 1996). The standard 
procedure using aldehyde fixation, however, increases tis-
sue background and autofluorescence, generating false-
positive results during cell characterization (Callis 2010; 
Kyosola et  al. 1976). Paraformaldehyde also generates 
protein cross-linking that masks the antigenicity of many 
proteins, thus hampering the use of antibody staining for 
GFP-positive cell characterization. This is particularly 
critical for the study of myocardium (Kusser and Randall 
2003), that is extremely refractory to antibody penetration, 
due to the presence of cells with densely packed myofibrils 
(Jockusch et al. 2003).
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Some authors have developed methods of tissue fixation 
allowing simultaneous detection of GFP and fluorescent 
cell surface (Kusser and Randall 2003), while others have 
aimed at the optimization of procedures for correlative fluo-
rescence and ultrastructural imaging using CLEM and other 
image acquisition technologies, mainly in cultured cells or 
nervous tissue (Paez-Segala et al. 2015; Peddie et al. 2014). 
To the best of our knowledge, however, similar protocols 
were not developed for the analysis of parenchymal organs, 
with complex cytoarchitecture and difficult antibody pen-
etration, such as heart. At the time being, preservation of 
FP fluorescence in samples prepared for IF is a problem 
commonly experienced in research laboratories, which is 
often dealt with through procedural tricks and anecdotal 
solutions, as documented by the discussion thread in: www.
researchgate.net/post/GFP_fluorescence_after_fixation10.

In addition, simultaneous imaging of several subcel-
lular structures labelled with differently colored markers 
is theoretically possible in modern imaging systems that 
efficiently separate fluorescence emitted at various wave-
lengths (e.g., fluorescent-conjugated antibody). However, 
co-staining of more than two targets becomes difficult, due 
to cross-reactivity and reciprocal interference of the vari-
ous antibodies used. Given that a broad range of spectral 
variants of FPs have been developed, and biotechnologi-
cal strategies can be used to drive their expression in spe-
cific cell populations, the combination of FP imaging with 
IF would also reduce the number of antibodies necessary 
for multiple staining and improve accuracy by reducing 
artifacts. The procedure here described achieves all the 
aforementioned goals, with an affordable time and reagent 
expenditure.

Furthermore, the limits arising from the use of stand-
ard tissue preparation and processing protocols in studying 
specific intracellular structures in cardiac cells with IF are 
particularly evident when dealing with postmortem human 
heart samples. In fact, these samples are preserved in bio-
banks or pathology archives, often after prolonged formalin 
fixation and paraffin embedding. In most cases, such tissue 
samples are analyzed with conventional histological meth-
ods used in clinical pathology, but this limits their potential 
in translational medicine. The development of optimized 
procedures to extract more detailed information on protein 
localization and interactions, as well as cellular signaling 
readouts, would open to the better understanding of cardio-
vascular disease mechanisms.
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