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Abstract

During heart development, the generation of myocardial-specific structural and functional units including sarcomeres, contractile myofibrils,
intercalated discs, and costameres requires the coordinated assembly of multiple components in time and space. Disruption in assembly of these
components leads to developmental heart defects. Immunofluorescent staining techniques are used commonly in cultured cardiomyocytes to
probe myofibril maturation, but this ex vivo approach is limited by the extent to which myocytes will fully differentiate in culture, lack of normal
in vivo mechanical inputs, and absence of endocardial cues. Application of immunofluorescence techniques to the study of developing mouse
heart is desirable but more technically challenging, and methods often lack sufficient sensitivity and resolution to visualize sarcomeres in the
early stages of heart development. Here, we describe a robust and reproducible method to co-immunostain multiple proteins or to co-visualize
a fluorescent protein with immunofluorescent staining in the embryonic mouse heart and use this method to analyze developing myofibrils,
intercalated discs, and costameres. This method can be further applied to assess cardiomyocyte structural changes caused by mutations that
lead to developmental heart defects.

Video Link

The video component of this article can be found at http://www.jove.com/video/52644/

Introduction

During development, heart contractions begin soon after cardiomyocytes migrate to the midline and form the linear heart tube1,2. The sarcomere
is the basic contractile unit within the cardiomyocyte; this highly organized cytoskeletal structure contains actin filaments anchored to the Z-
disc by sarcomeric α-actinin (s-α-actinin) and myosin fibers anchored to the M line (Figure 1). As the cardiomyocyte matures, sarcomeres
assemble in series to form myofibrils that extend across the cell. Myofibrils are anchored to the ends of the cardiomyocyte by the intercalated
disc, the cell-cell junctional structure that contains a transitional junction with a subset of Z-disc elements such as s-α-actinin3, adherens junction
proteins such as N-cadherin and β catenin, gap junction proteins, and desmosomes (Figure 1)4. Along the longitudinal membrane, the Z-discs
of peripheral myofibrils also attach to the cell membrane via costameres; these specialized focal adhesions provide an anchor between the
myofibril, plasma membrane, and extracellular matrix to provide additional structural support to the cardiomyocyte (Figure 1)4. Early in heart
development, cardiomyocytes are arranged in finger-like projections known as trabeculae that protrude into the ventricular space and contain
relatively mature myofibrils5. As heart development proceeds, the cardiomyocytes in the sub-epicardial region proliferate to form the compact
myocardium that comprises the ventricular walls, but sarcomere and myofibril assembly are delayed as compared with trabecular myocardium5,6.

Models of sarcomere and myofibril assembly come largely from immunofluorescence studies on cultured cardiomyocytes7-10, which are
straightforward but lack a three-dimensional environment, blood flow, and contacts with other cardiac cells present in vivo. High-resolution
structural studies using immunofluorescence in the mouse embryonic heart are technically challenging, and few studies have explored the
emergence of intercalated discs and costameres during mouse cardiac development. The adherens junction protein β catenin appears to localize
to intercalated discs by embryonic day (E) 17.511, N-cadherin localizes to linear structures that may represent intercalated discs by E18.512

versus postnatal day 013, and costameres have been detected at E18.514, but these proteins display diffuse and more continuous membrane
distribution at earlier developmental time points11-13.

Here, we describe a straightforward and reproducible method for immunostaining and fluorescence microscopy of sectioned mouse embryonic
hearts that allows for detailed analysis of myofibril and cardiomyocyte development, including the emergence of intercalated discs as early as
E12.5 and nascent costameres at E16.5. This protocol may be useful for probing the effects of mutations on sarcomere formation as well as
myofibril and cardiomyocyte maturation.
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Protocol

NOTE: All experimental procedures were approved by the UCSF Institutional Animal Care and Use Committee.

1. Cryopreservation and Fixation of Embryonic Mouse Hearts.

1.1) Snap-freezing embryonic hearts

1. Fill a 3.5 cm petri dish and 7 mm cryomolds with Optimal Cutting Temperature (OCT) medium (see Materials Table). In a chemical hood, cool
2-methylbutane in liquid nitrogen.

2. Dispense 30 ml of phosphate buffered saline (PBS) into 10 cm petri dishes, 10 ml of PBS into 3.5 cm petri dishes, and place all petri dishes
on ice. Prepare one 10 cm dish and several 3.5 cm dishes per pregnant mouse.

3. Isolate embryos as previously described15, performing the dissection in ice-cold PBS.
4. Briefly, euthanize the pregnant female using CO2 narcosis and cervical dislocation.

1. Make an incision in the abdomen, dissect out the uterus by cutting the vessels along the inner curvature of the uterus, and transfer the
uterus to a 10 cm petri dish containing ice-cold PBS.

2. Cut the uterus in between each embryo and transfer to an individual 3.5 cm Petri dish containing ice-cold PBS. Isolate each embryo as
described15.

3. Open the pericardial cavity using fine forceps, remove the heart away from the lungs and vasculature by cutting at the aorta, inferior
vena cava, and pulmonary veins, and transfer into the 3.5 cm petri dish containing OCT.

4. Let the heart equilibrate in OCT for several seconds, then transfer the heart into the 7 mm mold containing OCT. Orient the anterior wall
of the heart to the bottom of the mold.

5. Gently place the mold into liquid nitrogen-cooled 2-methylbutane. Take care not to allow 2-methylbutane liquid to touch the OCT or heart.
Freeze until the OCT is solid white, then transfer the mold to an ice bucket containing dry ice. Move on to the next embryo.

6. Wrap cryomolds in foil and store at -80 °C until ready for cryosectioning.

1.2) Alternative: Paraformaldehyde (PFA) fixing, cryoprotecting, and OCT embedding embryonic hearts

1. Fill the wells of a 12-well tissue culture plate with 4% PFA in 1x PBS.
2. Dissect out the embryonic hearts as described in 1.1.3. Place each heart into a well containing 4% PFA and fix at 4 °C O/N.
3. Cryoprotection: using a plastic transfer pipette, move each heart to an 1.5 ml microcentrifuge tube containing 1.5 ml of 15% sucrose

in PBS and gently agitate at 4 °C until the heart sinks to the bottom of the tube (several hours to O/N). Transfer each heart to a 1.5 ml
microcentrifuge tube containing 1.5ml of 30% sucrose in PBS and gently agitate at 4 °C again until the heart sinks to the bottom of the tube
(several hours to O/N).

4. Using a plastic transfer pipette, place the cryoprotected heart into OCT and let it equilibrate for several minutes to remove excess sucrose,
then transfer the heart into the 7 mm mold containing OCT. Orient the anterior wall of the heart to the bottom of the mold.

5. Freeze the heart in OCT by placing the mold in either liquid nitrogen-cooled 2-methylbutane or dry ice.
6. Wrap cryomolds in foil and store at -80 °C until ready for cryosectioning.

2. Cryosectioning

1. Set cryostat temperature to -17 °C.
2. Place cryomolds into the cryostat chamber and equilibrate to temperature for 15-20 min.
3. Invert the cryomold and use gentle pressure to expel the heart block from the mold. Orient the anterior wall of the heart to the top of the

molded tissue block.
4. Place a large drop of OCT onto the chuck, and mount the heart block onto the OCT drop to freeze onto the chuck. Keep the orientation such

that the anterior wall of the heart is furthest from the chuck.
5. Load the chuck and mounted heart block onto the cryostat object holder. Adjust so that the angle of the blade is 3-5° relative to the sample.
6. Collect 10 µm sections onto microscope slides that have been pre-treated with a positively charged coating (see Materials Table). Allow to dry

completely before storing at -80 °C.

3. Immunofluorescence

1. For snap-frozen sections, fix and permeabilize tissue in acetone for 10 min in a fume hood at RT.
2. For snap-frozen and PFA-fixed sections, incubate in PBS-0.1% Triton X-100 for 20 min to remove OCT and to permeabilize PFA-fixed

sections.
3. Block for 45 min in 1x blocking buffer, diluted in PBS.
4. If using a primary antibody generated in mouse, incubate in donkey or goat anti-mouse IgG (H+L) monovalent Fab fragment diluted 1:100 in

PBS-0.1% Tween 20 for 45 min at RT (see Discussion).
5. Incubate in primary antibody or antibodies diluted in 1x blocking buffer for 2 hr at RT or O/N at 4 °C (see Table of Materials/Equipment for

specific dilutions).
6. Wash sections in 1x PBS three times for 10 min at RT.
7. Incubate in Alexa Fluor-conjugated secondary antibody diluted 1:500 in blocking buffer for 2 hr at RT, protected from light.
8. Wash sections in 1x PBS three times for 10 min at RT, protected from light.
9. Optional: Incubate in Hoechst dye diluted 1:2,000 in PBS at RT (protected from light) to label nuclei, then rinse with PBS.
10. Post-fix labeled sections in 1% PFA for 1 min at RT.
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11. Mount slides in anti-fade medium (with DAPI if nuclei are not already labeled) by placing two drops of medium on each end of the slide and
then covering with a coverslip. Seal coverslips with nail polish. Store protected from light at 4 °C until ready to image.

4. Confocal Imaging and Image Analysis

1. Turn on the appropriate laser wavelengths, camera, and confocal microscope including stage mover and z motor. Launch the imaging
software program. Use the 405, 488, and 561 laser wavelengths for imaging Hoechst-, Alexa 488-, and Alexa 568-stained sections,
respectively.
 

NOTE: See Materials Table for our hardware and software specifications.
2. Mount the control slide (coverslip down for an inverted microscope) on the slide stage.
3. Using the 4X objective (see Materials Table), find the sample and area of interest. Capture the image to use as a map when imaging at high

magnification.
4. Remove the slide, making minimal adjustments to the slide stage. Change to the 60x oil immersion objective (see Materials Table), place a

small drop of oil on the objective, and replace the slide (coverslip down) onto the slide stage.
5. Find sample again. Set the laser power, exposure time, and binning to the desired levels for each channel.

 

NOTE: We generally use laser power of 0.8, camera exposure time of 100 msec, and binning of 2 (see Materials Table for hardware and
software specifications); optimal settings need to be empirically determined for each experiment.

1. Once optimal settings are determined, use the same settings for all tissue sections within the experiment. Use the intensity histogram
to note the optimal intensity range for each channel (this information will be used for analysis).

6. Generate a z stack using the acquisition function: select the appropriate laser channels, then choose the upper and lower limits of the z stack.
Choose a z stack step size that is one-half the value of the optical slice thickness provided by the software. Click “run” to collect the images.

7. Use Fiji16 or a comparable program for image analysis. Within Fiji, open the z stack file with Custom color mode option and the channels
split into separate windows. Open the “Adjust Brightness/Contrast” tool from the Image pulldown menu; within each channel, set the optimal
histogram intensity range determined in 4.5.1. Apply these channel ranges to all z stacks being analyzed.

8. Merge the individual channels into a single composite image using Image->Color pulldown menu.
9. Create a flattened z stack from the composite image using the Image->Stacks->z project menu. This image will be significantly brighter

than the 3D image; adjust the histogram intensity range for the control sample to avoid oversaturation, and apply the same settings to the
experimental flattened z stack.

10. To generate a 3D image, first use the Image->Stacks->3D project menu 17. Choose either the x-axis or y-axis of rotation. Set the slice spacing
as the same number of microns as the z stack step size. Choose the desired total rotation and set the rotation angle increment to 1. Then
open the Image J 3D Viewer from the Plugins pulldown menu. Choose the composite image generated in 4.8, display as Volume, and set the
Resampling factor to 1 or 2.

Representative Results

Figures 2 through 6 show typical results for co-staining of different proteins in a snap-frozen and acetone-fixed heart. The antibody against s-
α-actinin reproducibly labeled Z-discs and intercalated discs with high specificity and minimal background (Figures 2A, 3A, 4A, 5A, 6A, and
6C); Figure 6 demonstrates that the anti-mouse IgG (H+L) monovalent Fab fragment effectively blocks endogenous mouse IgG binding by anti-
mouse secondary antibodies. The antibody against adherens junction protein β catenin bound the membrane of both cardiomyocytes and non-
cardiomyocyte cells, and co-localization with s-α-actinin occurred in presumed intercalated discs at E16.5 (Figure 2C and D), as expected from
the β catenin staining pattern in the adult heart18. β1 integrin immunofluorescence in the embryonic heart is especially challenging and often fails
to identify focal adhesions14, but β1 integrin staining in these studies revealed signal with the same periodicity as s-α-actinin-labeled Z-discs,
possibly reflecting nascent costameres forming at E16.5 (Figure 3D).

At E12.5, s-α-actinin and tropomyosin (sarcomere thin filament protein) immunofluorescence revealed a staining pattern with regular periodicity
in trabecular cardiomyocytes consistent with mature myofibrils in these cells (Figures 4A and 5A for s-α-actinin; Figure 4B for tropomyosin). N-
cadherin staining in trabecular cardiomyocytes at E12.5 hearts tended to colocalize with areas of intense s-α-actinin staining (Figure 5B-D and
Figure 6A-C) possibly representing intercalated discs. In contrast to trabecular myocytes, s-α-actinin in the compact zone was more punctate
than linear, and tropomyosin staining was diffuse rather than linear (Figure 4A and 4B). Thus, sarcomere assembly may occur later in compact
compared to trabecular myocardium. Furthermore, differential patterns of s-α-actinin and tropomyosin in the compact zone suggest that s-α-
actinin organizes into puncta and immature Z-discs early, while tropomyosin incorporation into the thin filament may be a later event in myofibril
assembly.

Figure 7, Movie 1, and Movie 2 demonstrate typical results from a PFA-fixed E12.5 embryonic heart. In these examples, a LifeAct-RFPruby
transgenic embryo was used for imaging; the LifeAct-RFPruby transgene19 labels filamentous actin but requires PFA fixation. Z-discs labeled
with s-α-actinin were easy to visualize in most areas, but the signal-to-noise ratio was decreased compared to snap-frozen heart sections
(Figure 7A); this signal was typical for s-α-actinin immunofluorescence in PFA-fixed tissue, in which epitopes may be masked by protein cross-
links. Figure 7B shows co-visualization of filamentous actin and immunolabeled s-α-actinin within myofibrils (arrowheads) and filamentous
actin within endocardial cells adjacent to trabecular myocytes (arrows). Three-dimensional image reconstruction revealed additional details:
individual cardiomyocytes were more easily discerned, myofibrils within a cardiomyocyte were roughly parallel to one another, but individual
cardiomyocytes were oriented at varying angles to one another (Figure 7C and D, Movie 1, and Movie 2). The close approximation between
endocardial cells and cardiomyocytes was better appreciated in the three-dimensional views as well.
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Figure 1. Cardiomyocyte sarcomeres, intercalated discs, and costameres. The Z-disc anchors actin filaments, while the M line anchors
myosin fibers, which overlap the actin filaments. The sarcomere comprises one Z-disc – M line – Z-disc unit. Multiple sarcomeres in series create
a myofibril. The lateral end of the myofibril inserts into the transverse border of the cardiomyocyte at a specialized cell-cell junctional structure
called the intercalated disc. Peripheral myofibrils connect to the longitudinal cardiomyocyte plasma membrane via costameres, which form focal
adhesions with the extracellular matrix between cardiomyocytes. Please click here to view a larger version of this figure.
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Figure 2. s-α-actinin and β catenin immunofluorescence at embryonic day 16.5. The heart was excised, snap frozen, cryosectioned,
acetone-fixed, and immunostained using (A) mouse monoclonal clone EA53 antibody against s-α-actinin, which labeled cardiomyocyte Z-disc
and intercalated discs, and (B) rabbit polycloncal antibody against the adherens junction protein β catenin. (C) Merged images show s-α-actinin
and β catenin staining. (D) Magnified area of interest from panel C; asterisks mark presumed intercalated discs with co-localization of s-α-actinin
and β catenin. Images were obtained from the peripheral left ventricular wall or compact myocardium, with the epicardial layer at the upper left
of panels A-C. Intensity histogram display range 460-1600 (out of possible 0-65535) for both the s-α-actinin/488 nm and β catenin/561 nm laser
channels. Scale bar 10 µm. Please click here to view a larger version of this figure.
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Figure 3. s-α-actinin and β1 integrin immunofluorescence at embryonic day 16.5. The heart was excised, snap frozen, cryosectioned,
acetone-fixed, and immunostained using (A) mouse monoclonal clone EA53 antibody against s-α-actinin and (B) goat polyclonal antibody
against the focal adhesion protein β1 integrin. (C) Merged images show β1 integrin in cardiomyocyte as well as non-cardiomyocyte cells.
Note both diffuse and punctate β1 integrin signal in cardiomyocytes. (D) Magnified area of interest from panel C. Note punctate, periodic β1
integrin staining (arrows) with periodicity similar to nearby s-α-actinin-staining in Z-discs; these structures may represent costameres. Images
were obtained from the left ventricular compact myocardium. Intensity histogram display range 460-1200 (out of possible 0-65535) for the s-α-
actinin/488 nm laser channel and 460-600 for the β1 integrin/561 nm laser channel. Scale bar 10 µm. Please click here to view a larger version
of this figure.

 

Figure 4. s-α-actinin and tropomyosin immunofluorescence at embryonic day 12.5: myofibril organization in trabecular and compact
myocardium. Hearts from littermate embryos were excised, snap frozen, cryosectioned, acetone-fixed, and immunostained using (A) mouse
monoclonal clone EA53 antibody against s-α-actinin and (B) mouse monoclonal antibody against the myofibril thin filament protein tropomyosin
(Developmental Studies Hybridoma Bank CH1). Trabecular (arrows) and compact myocardium (arrowheads) are indicated. Note linear s-α-
actinin staining with regular periodicity in the trabecular myocardium, compared to a range of staining patterns including puncta as well as linear
staining in the compact layer (A). Note also linear tropomyosin staining with regular periodicity in the trabecular myocardium but more diffuse
staining in compact myocardium. Intensity histogram display range 460-1,400 (out of possible 0-65535) for the s-α-actinin channel and 460-1,000
for the tropomyosin channel. Scale bar 10 µm. Please click here to view a larger version of this figure.
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Figure 5. s-α-actinin and N-cadherin immunofluorescence at embryonic day 12.5: myofibrils and intercalated discs in trabecular
cardiomyocytes. The heart was excised, snap frozen, cryosectioned, acetone-fixed, and immunostained using (A) mouse monoclonal clone
EA53 antibody against s-α-actinin and (B) rabbit polyclonal antibody against the focal adhesion protein N-cadherin. 0.2 µm optical slices were
collected as a z stack, and z stacks were flattened to generate the images. (C) Merged flattened stacks show both N-cadherin and s-α-actinin
staining within trabecular cardiomyocytes as well as nuclei labeled with Hoechst dye. (D) Magnified area of interest from panel C; asterisks mark
intercalated discs with co-localization of s-α-actinin and N-cadherin. Intensity histogram display range 470-1,200 (out of possible 0-65535) for the
Hoechst/405 nm laser channel and 470-2,000 for both the s-α-actinin/488 nm and N-cadherin/561 nm laser channels. Scale bar 10 µm. Please
click here to view a larger version of this figure.
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Figure 6. Anti-mouse IgG (H+L) monovalent Fab fragment effectively blocks endogenous mouse IgG binding by anti-mouse secondary
antibodies. The E12.5 embryonic heart was excised, snap frozen, cryosectioned, acetone-fixed, and immunostained. (A-C) Sections were
blocked with 1x blocking buffer followed by anti-mouse IgG monovalent Fab fragment, exposed to mouse monoclonal clone EA53 primary
antibody against s-α-actinin and rabbit polyclonal primary antibody against N-cadherin, washed, and exposed to Alexa Fluor 488 anti-mouse and
Alexa Fluor 586 anti-rabbit secondary antibodies. (A) Merged image using intensity histogram display range 480-2500 (out of possible 0-65535).
Asterisks note regions in which N-cadherin signal is restricted to the transverse end of trabecular cardiomyocytes, which likely represents
nascent intercalated discs. (B) N-cadherin-only channel using intensity histogram display range 480-2,500. (C) s-α-actinin-only channel using
intensity histogram display range 480-2,500. (D-G) Sections were blocked with 1x blocking buffer only (no anti-mouse IgG monovalent Fab
fragment blocking step), exposed to rabbit polyclonal primary antibody against N-Cadherin only (no mouse monoclonal primary antibody),
washed, and exposed to Alexa Fluor 488 anti-mouse and Alexa Fluor 586 anti-rabbit secondary antibodies. (D) Merged image using intensity
histogram display range 480-2500. (E) N-cadherin-only channel using intensity histogram display range 480-2500. (F) s-α-actinin-only channel
using intensity histogram display range 480-2,500. (G) s-α-actinin-only channel using high-sensitivity intensity histogram display range 480-530,
which reveals background detection of endogenous mouse IgG in the absence of the anti-mouse IgG monovalent Fab fragment blocking step.
(H-K) Sections were blocked with 1x blocking buffer followed by anti-mouse IgG monovalent Fab fragment, exposed to rabbit polyclonal primary
antibody against N-Cadherin (no mouse monoclonal primary antibody), washed, and exposed to Alexa Fluor 488 anti-mouse and Alexa Fluor
586 anti-rabbit secondary antibodies. (H) Merged image using intensity histogram display range 480-2,500. (I) N-cadherin-only channel using
intensity histogram display range 480-2,500. (J) s-α-actinin-only channel using intensity histogram display range 480-2,500. (K) s-α-actinin-only
channel using high-sensitivity intensity histogram display range 480-530, which demonstrates the lack of background endogenous mouse IgG
detection when the anti-mouse IgG monovalent Fab fragment blocking step is used. Please click here to view a larger version of this figure.
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Figure 7. s-α-actinin and actin organization in trabecular cardiomyocytes at embryonic day 12.5. The LifeAct-RFPruby transgenic mouse
line was used to visualize filamentous actin19, while the mouse monoclonal clone EA53 antibody against s-α-actinin was used to label Z-
discs and intercalated discs. Embryos were PFA-fixed. 0.2 µm optical slices were collected as a z stack. (A) Flattened z stack shows that s-α-
actinin staining was more diffuse in PFA-fixed tissue than in snap-frozen and acetone fixed sections (Figures 2-5). (B) Flattened z stack shows
both filamentous actin and s-α-actinin. Filamentous actin fluorescence localized between Z-discs within myofibrils (arrowheads). Filamentous
actin fluorescence was also seen in endocardial cells that line the trabecular myocytes (arrows). (C) Three-dimensional view of the trabecular
cardiomyocytes, as viewed from the top of the stack. (D) Three-dimensional view of the trabecular cardiomyocytes, as viewed from the bottom
of the stack. Intensity histogram display range 470-900 (out of possible 0-65535) for both the 488 nm laser channel and for the 561 nm laser
channel in A and B; display range 460-800 for both channels in C and D. Scale bar 10 µm. Please click here to view a larger version of this
figure.

Movie 1. 360° rotational 3D view of s-α-actinin and actin organization in trabecular cardiomyocytes at embryonic day 12.5. The image
stack from Figure 6 was rendered in three dimensions using the Image J 3D Viewer plugin within the Fiji image analysis program. Intensity
histogram display range 470-800 (out of possible 0-65535) for both the 488 nm and 561 nm laser channels.

Movie 2. Selected 3D views of s-α-actinin and actin organization in trabecular cardiomyocytes at embryonic day 12.5. The image stack
from Figure 6 was rendered in three dimensions using the Image J 3D Viewer plugin within the Fiji image analysis program. Small rotations
around the x, y, and z axes showed relatively aligned myofibrils within cardiomyocytes but poor alignment between most cardiomyocytes. Small
rotations also demonstrated the close approximation of endocardial cells lacking s-α-actinin around cardiomyocytes. Intensity histogram display
range 470-800 (out of possible 0-65535) for both the 488 nm and 561 nm laser channels.

Discussion

The optimal tissue fixation technique and dilution must be empirically determined for each antibody. In our hands, snap-freezing is superior to
PFA fixation for several cardiomyocyte antigens, including s-α-actinin, β-catenin, β1-integrin, tropomyosin, talin (not shown) and N-cadherin; in
contrast, PFA fixation yields superior results for focal adhesion kinase (not shown). The protein crosslinks formed by PFA may mask epitopes
and limit antibody binding; antigen retrieval may be required in such cases, and methods for antigen retrieval may be found elsewhere20. PFA
concentration or length of fixation can be decreased to reduce epitope masking, with optimal conditions empirically determined for each antibody
and at each developmental stage. Appropriate negative controls should be used when characterizing a new antibody or cardiac mutant, including
pre-immune serum as the primary antibody control and a “no primary antibody” control. Use of knockout mice is an ideal negative control but
early lethality prevents their use for many of the gene products studied here.

Use of adequate volumes to completely submerge experimental and control slides in the same immunofluorescence blocking, antibody, and
wash solutions was important as was gentle rocking of slides during incubation to ensure uniform exposure of the sections to the solutions. This
approach minimized technical variability in staining between sections and slides within an experiment. When cost limits the antibody solution
volume, use a Pap pen to limit flow of solutions beyond the tissue sections and keep slides in a humidified chamber during long incubations.
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If a monoclonal mouse primary antibody - and therefore an anti-mouse secondary antibody - is being used, a second blocking step to cover
endogenous mouse immunoglobulins will be necessary (step 3.4) to decrease nonspecific background signal.

Appropriate microscopy and image processing techniques are critical to obtaining biologically accurate information21. The intensity histogram
indicates the distribution of pixels at each intensity level (0 – 65535 levels for a 16-bit image) for each color. Background, brightness, and
contrast can be adjusted by setting an intensity display range that flanks the histogram peak; to make valid comparisons between conditions, the
same settings between control and experimental conditions must be used.

This protocol provides a reliable method to analyze cardiomyocyte maturation and development in the native embryonic mouse heart. While
immunofluorescence of cardiomyocyte-specific proteins is often used to mark cardiomyocytes during development, few studies employ
techniques that allow high-resolution analysis of myofibril structure and the emergence of intercalated discs and costameres12-14,22,23. This
technique can be used for in vivo assessment of mutations that cause developmental heart defects, as a means of identifying changes in
cardiomyocyte maturation that may shed light on mechanisms of structural abnormalities.
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