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Myoblast fusion, which is essential for muscle development, regeneration,
and repair, can be assessed in vitro via the calculation of a fusion index.
Traditionally, this requires use of either immunocytochemistry or fluores-
cently-labeled cytoskeletal staining, followed by microscopy and laborious
analysis. The expense and time-consuming nature of the optimization and
application of antibody-based techniques such as immunocytochemistry,
as well as the need for specialized analytical equipment such as fluores-
cence Microscopes, presents a barrier to the routine analysis of this cru-
cial step during terminal differentiation. Here, we describe (j) a novel use of
the commonly available LADD Multiple Stain for visualization of myoblast
fusion in vitro; (i) the optimization of a simple image analysis method to
generate quick, quantifiable data representative of a fusion index; and (i)
the use of a protocol combining these two procedures to investigate in
vitro myoblast fusion in a simple and efficient manner as proof-of-concept.

Adult skeletal muscle tissue contains
a population of precursor cells, known
as satellite cells, that are responsible for
skeletal muscle repair (1-3). Activated
satellite cells (myoblasts) migrate to the
site of muscle trauma, where they prolif-
erate, differentiate, and fuse into multi-
nucleated myotubes (3-5). The ultimate
success of this process is measured by
the degree to which resident myoblasts
have fused during terminal differenti-
ation.

In order to experimentally evaluate
myoblast fusion in vitro, a fusion index
is calculated based on detection of
immunofluorescence by microscopy.

Fluorescently labeled antibodies are
used to detect muscle fiber struc-
tural proteins such as myosin heavy
chain (MyHC) and desmin, or alterna-
tively, fluorescently labeled phalloidin
can be used to visualize F-actin (6-9).
Nuclei are fluorescently labeled using
a DNA binding compound such as
Hoechst 33258. Subsequently, either
the percentage of nuclei in myocytes
with >3 nuclei (9) or the percentage of
nuclei in MyHC-positive myotubes (10)
is calculated. These approaches are
well established; however, they require
extensive, time-consuming optimization
to generate a strong and specific signal

for the antigen of interest and subse-
quent fusion analysis. If fluorescently
labeled antibodies are utilized, access
to a fluorescence microscope is an
additional requirement not available in
all institutions. Subsequent quantitation
requires laborious and time-consuming
analysis of numerous fields of view in
order to obtain a fusion index represen-
tative of the population. These limita-
tions, together with the relative expense
of antibody-based assays, prompted
us to develop a rapid, cost-effective in
vitro assay for quantification of myoblast
fusion using the widely available LADD
Multiple Stain.

The LADD Multiple Stain (11) is a
combined nuclear and cytoplasmic stain
that contains fuchsin and toluidine blue
(Cat. #70955; LADD Research Indus-
tries, Williston, VT). For our studies,
fresh LADD is prepared to contain
0.365 g toluidine blue (Cat. #89640-5G;
Sigma-Aldrich, St. Louis, MO) and 0.135
g fuchsin (Cat. #47860-25G; Sigma-
Aldrich) in a final volume of 50 ml of
30% ethanol. The solution is mixed
until dissolved and then filtered through
Whatman (number 4) filter paper (Cat.
#09-825B, Thermo Fisher Scientific,
Waltham, MA). LADD stain can be stored
in a plastic or glass container at room
temperature and can be reused. Cells to
be stained are washed with phosphate-
buffered saline (PBS) and fixed in 70%
ethanol for 10 min. The ethanol is
removed, and 500 yL LADD stain is
added, ensuring full coverage of cells.
Cells are incubated for 1 min, after which
the stain is removed, and the cells are
repeatedly washed with distilled water
until the LADD ceases to leach into the
water. The cells are then left to dry and
stored at room temperature until viewed
using phase-contrast light microscopy.
To improve lighting during viewing, the
stained cells can be immersed in PBS.

To determine whether this stain can
be successfully utilized to visualize
myoblast fusion, C2C12 cells were
grown to 80% confluence (Figure 1A)
under standard culture conditions (12).
The media was then changed to differ-
entiation media containing 2% horse

The use of the LADD Multiple Stain and automated Imaged analysis provides a rapid, cost-effective method for analyzing

and quantifying myoblast fusion.



serum, resulting in fusion into myotubes
(Figure 1B). Successful differentiation was
confirmed by increased expression of
MyHC (Figure 1D) compared with undif-
ferentiated cells (Figure 1C). Following
LADD staining, the undifferentiated
C2C12 myoblasts display a light purple
cytoplasm and a darker nucleus (Figure
1E; arrow). However, following differen-
tiation, myotube cytoplasm appears dark
purple (Figure 1F; arrowheads), while
lighter nuclei are clearly visible within
the multinucleated cell (Figure 1F; arrow).
Therefore, following LADD Multiple Stain,
clearly defined nuclei are observed and
are as easily distinguishable from the
cytoplasm of the multinucleated myotube
(Figure 1F) as viewed using fluorescence
microscopy following immunocytochem-
istry (Figure 1D).

To determine whether image analysis
could be used to measure the progress of
myoblast fusion, C2C12 cells were differ-
entiated for 6 days, and images of LADD-
stained cells taken at 200x magnification
using an Olympus CKX41 inverted light
microscope (Olympus Corporation,
Tokyo, Japan). As expected, the number
of fusing myocytes and myotubes clearly
increased at each subsequent differen-
tiation day (Figure 2A). A fusion index
was then calculated, and differentiating
myoblasts were seen to incrementally
increase their fusion index from 0.45%
(Day 1) to 31.4% (Day 6) (Figure 2B). The
fusion index derived in this way compares
favorably with the index calculated using
standard immunocytochemistry (to
detect MyHC) and nuclear staining (13).
To determine whether Imaged analysis
software (https://imagej.nih.gov/ij/)
could be adapted to quantify myofiber
area (as a measure of fusion), a macro
was developed and tested on the images
represented by Figure 2A. The macro is
set up as follows and then saved:

1. OpenImaged and click “Plugins = >
Macros = > Startup Macros”

2. Replace the existing text with the
coding shown in Supplementary
Table S1.

The images are opened in Imaged,
and the macro is run by clicking “Macros
= > Run Macro”. This will analyze the
pictures one at a time. The user must
confirm that the threshold has been set
correctly; only the myofiber area should
be analyzed. The color threshold can
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Figure 1. Visualization of multinucleated myofibers. C2C12 myoblasts were cultured in differentiation
media for 5 days. Cells were evaluated at Day O (DO) and Day 5 (D5) of differentiation. Phase contrast
light microscopy images of unstained myoblasts (A) at DO and myotubes (B) at D5. Confocal microscopy
images of myoblasts (C) at DO and myotubes (D) at D5 labeled for myosin heavy chain (MyHC) (green)
and co-stained with Hoechst 33258 to visualize nuclei (blue). MyHC was detected using the mouse
monoclonal MF20 primary antibody (1:200 dilution) (Developmental Studies Hybridoma Bank) followed
by DyLight 488-conjugated AffiniPure donkey anti-mouse IgG secondary antibody (Jackson ImmunoRe-
search, West Grove, PA). Phase contrast microscopy images of LADD-stained myoblasts (E) at DO and
myotubes (F) at D5; arrows indicate nuclei; arrowheads indicate cytoplasmic staining. Scale bars =20 um.
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Figure 2. Analysis of differentiation using LADD Multiple Stain. C2C12 myoblasts were differentiated
and stained with LADD. (A) LADD-stained images of cells taken at days 1-6 of differentiation (Al-
A6). (B) Percentage fusion, calculated at each day of differentiation by dividing the number of nuclei
within multinucleated myofibers by the total number of nuclei. (C) Assessment of myofiber area, at
each day of differentiation, following automated analysis of images using the ImageJ macro and anal-
ysis software. (D) Fusion index of differentiating cells (Day 5) cultured in the presence or absence
of BB94 (10 uM). (E) Myofiber area of differentiating cells (Day 5) cultured in the presence or ab-
sence of BB94 (10 puM). Data are expression as mean + SEM; n=4; *P < 0.05. Scale bars = 20 pm.



be changed by editing the macro line
“setThreshold(0,130)”; by increasing the
second number, more lightly stained
areas will be included, whereas more
areas are excluded when this number
is reduced. Using this method, myofiber
area reached 29.6% at Day 6 (Figure
2C), comparing well with the fusion
index calculated for the same time point
(Figure 2B). Jenner and Giemsa dyes
can also be used to stain myotubes for
light microscopy in much the same way
as LADD, however staining with LADD
is many times faster, and the ImageJ
macro we developed allows for greater
control over which areas are measured
(14).

To further validate the use of the
LADD Multiple Stain for fusion analysis,
C2C12 cells were differentiated for
5 days in the presence or absence
of 10 uM BB94 (Cat. #ab142087;
Abcam, Cambridge, UK) and subse-
quently fixed and stained with LADD as
described earlier. BB94 is a commer-
cially available synthetic matrix metal-
loprotease inhibitor that has previ-

ously been shown to reduce myoblast
fusion (15,16). In the presence of BB94,
the fusion index decreased signifi-
cantly from 50% (DMSO control) to
22% (P < 0.05) (Figure 2D); analysis of
the myofiber area revealed the same
trend, with fusion reduced from 46%
(DMSO control) to 21% (P < 0.05) in the
presence of BB94 (Figure 2E).

Here, we present a rapid, novel
method for staining both myofiber
structure and associated myonuclei
using the LADD Multiple Stain. ImageJ
is subsequently used to accurately
evaluate muscle fiber area as a measure
of fusion. The relatively low cost of
LADD and the greatly reduced time
required for processing and analysis
means that fusion can now rapidly
be analyzed in a standard laboratory
without the need for immunocytochem-
istry and fluorescence microscopy.
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