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2 Istituto dei Sistemi Complessi, Consiglio Nazionale delle Ricerche, via Madonna del Piano 10 – Sesto Fiorentino, Italy
3 Istituto di Fisica Applicata Nello Carrara, Consiglio Nazionale delle Ricerche, via Madonna del Piano 10 – Sesto Fiorentino, Italy
4 Istituto Nazionale di Ottica, Consiglio Nazionale delle Ricerche, Via Nello Carrara 1 – Sesto Fiorentino, Italy

Received 4 April 2012, revised 12 July 2012, accepted 30 July 2012
Published online 30 August 2012

Key words: Förster resonance energy transfer, fluorescence lifetime imaging microscopy, C2C12 myoblasts, myogenesis

Æ Supporting information for this article is available free of charge under http://dx.doi.org/10.1002/jbio.201200063

1. Introduction

The study of cell signalling pathways is of particular
interest for the identification of specific interactions
between proteins and other cellular components.
Fluorescence microscopy has become a powerful
technique to probe such cellular activity, because it
allows the selective and specific detection of mole-
cules at low concentration levels [1]. Intensity
images, however, only reveal cellular organization,
while functional measurements such as fluorescence
lifetime imaging (FLIM) can probe cellular activity

and protein interactions in a single cell. For a com-
plete study on cellular activity, a combination of
fluorescence measurements is needed: intensity, life-
time, and spectral imaging.

In the recent years much attention has been
drawn to the role played by several classes of inter-
cellular junctional proteins and related signaling in
the cell-contact-based regulation of myoblast differ-
entiation [2].

Skeletal myoblasts are undifferentiated mononuc-
lear precursor cells which are responsible for postna-
tal muscle growth and injury-induced muscle regen-
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Cell-to-cell contacts are crucial for cell differentiation.
The promyogenic cell surface protein, Cdo, functions as
a component of multiprotein clusters to mediate cell ad-
hesion signaling. Connexin 43, the main connexin form-
ing gap junctions, also plays a key role in myogenesis.
At least part of its effects is independent of the intercel-
lular channel function, but the mechanisms underlying
are unknown. Here, using multiple optical approaches,
we provided the first evidence that Cx43 physically in-
teracts with Cdo to form dynamic complexes during
myoblast differentiation, offering clues for considering
this interaction a structural basis of the channel-indepen-
dent function of Cx43.

Hyperspectral FLIM FRET setup.
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eration. Their activation requires re-entry in the cell
cycle, expression of muscle-specific transcriptional
factors and formation of multinucleated myofibers
[3, 4]. There is growing evidence indicating that
myogenic differentiation is regulated by signals ema-
nating from sites of adherent and gap junction for-
mation [5, 6]. The adherent junctions are composed
by transmembrane adhesion receptors, the cadher-
ins, linked to scaffolding and cytoskeletal elements
to form multiprotein clusters, which are capable not
only of maintaining the physical cellular linkages
and the tissue architecture but also of influencing
crucial downstream functions [7, 8]. Of interest, Cdo,
a multifunctional cell surface protein with immuno-
globulin and fibronectin III, repeats in its ectodo-
main and a long intracellular region exerts its pro-
myogenic action functioning as a component of the
cadherin-complexes [9]. This molecule binds to N-
cadherin and upon cell cell-cell adhesion, mimicked
by N-Cadherin ligation, undergoes activation via in-
teraction with signaling and adaptor proteins, includ-
ing p38MAPK, thereby initiating intracellular signal
transduction cascades which through phosphoryla-
tion of substrates, stimulate MyoD-dependent, mus-
cle-specific gene expression [10–13]. It is expressed
on muscle precursor cells and developing skeletal
muscle and upregulated in differentiating myoblasts
by high cell density or serum removal [14]. Its criti-
cal role during myogenesis is also revealed by the
results showing that mice lacking Cdo exhibit de-
layed skeletal myogenesis, and Cdo�/� primary
myoblasts have defects in myoblast differentiation
[15].

Adherens junctions are intimately associated with
gap junctions [16, 17], they are formed by hemichan-
nels (connexons), made up by six proteins (connex-
ins) which may oligomerize in monomeric or hetero-
meric patterns [18]. Two hemichannels assemble in
mirror symmetry to form an intercellular bridge
among adjacent cells. The close association between
adherens and gap junction reflect the requirement of
a close membrane-membrane apposition for gap
junction formation and function; for instances, in car-
diomyocytes, the mechanical support of the adherens
junction ensures the propagation through the gap
junction of the action potentials along the cardio-
myocytes [16, 17]. We have previously shown that
connexin 43 (Cx43), the main connexin isoform ex-
pressed in skeletal myoblasts, besides forming inter-
cellular channels which regulate the trafficking and
functional integration among the adjacent myoblasts,
serves a gap-junction independent pro-myogenic
function [19]. Indeed, C2C12 myoblasts transfected
with a dominant negative Cx43 construct, which
although forming functional gap junctions lack the
ability to bind to cortical actin, differentiate defec-
tively in culture, further stressing the idea that Cx43
per se might be required for some aspects of the con-

nexin-mediated pro-myogenic signaling. Of particu-
lar interest are the observations that the carboxyl tail
of Cx43 is subjected to phosphorylation by several
kinases and can bind several protein and cytoskeletal
elements, suggesting that it may play a central role
in the control of signalling cascade regulating cell
differentiation [20, 21]. However, the mechanisms
underlying this function are not known.

On the basis of all these considerations, in the
present study we searched for a possible functional
interaction between Cx43 and Cdo as a preliminary
attempt to expand our knowledge on the biological
functions of Cx43 in skeletal myogenesis. By com-
bining different optical microscopic techniques, ran-
ging from confocal immunofluorescence to hyper-
spectral FLIM-FRET, we showed that Cx43 and
Cdo displayed the same spatiotemporal expression
pattern and physically interact to form dynamic com-
plexes in C2C12 cells during myogenesis, offering
clues for considering this interaction a structural ba-
sis of the channel-independent function of Cx43.

Förster Resonant Energy Transfer (FRET) can
be an useful tool to study protein-protein interaction
by imaging their spatial and temporal dynamics in
cells. FRET is a non radiative transfer of energy
from an excited state fluorophore (the donor) to a
different spatially colocalized fluorophore (the ac-
ceptor). In practice, FRET can only be observed for
donor-acceptor separations less than 10 nm and is
commonly detected with three different techniques:
sensitized emission, acceptor photobleaching and
FLIM [22]. Among all the techniques, sensitized
emission is the easiest one but FLIM is the most reli-
able one [23]. FLIM determines the fluorescence de-
cay time for each pixel of the acquired image and
creates a map of the molecular environment of a
fluorophore. FLIM is almost insensitive to intensity
artifacts and fluorophores concentration but highly
sensitive to local changes in the environment such as
variations of pH, physiological ions or interacting
partners [22]. Hyperspectral FLIM [24, 25] is a tech-
nique allowing simultaneously recording of the full
emission spectrum and temporal decay curves of a
biological specimen and may be useful for FRET
measurements in order to exclude changes in life-
time due to other local variations.

2. Experimental

2.1 Cell preparation and sample staining

Murine C2C12 skeletal myoblasts obtained from
American Type Culture Collection (ATCC, Manas-
sas, VA), were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal
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bovine serum (FBS), penicillin (100 U/ml) and strep-
tomycin (100 mg/ml) (Sigma, Milan, Italy) and main-
tained at 37 �C in a humidified atmosphere of 5%
CO2.

For myogenic differentiation experiments, cells
were grown on glass coverslips until 80% confluence
and induced to differentiate by switching to differen-
tiation medium (DM), containing 2% horse serum
(HS, Sigma) for different times (24, 48 and 72 hours),
in the presence or absence of S1P (1 mM, 2 mM stock
solution in dimethylsulfoxide, Calbiochem, La Jolla,
CA).

C2C12 cells grown on glass coverslips were fixed
in 0.5% buffered paraformaldehyde (PFA) for
10 minutes at room temperature. After permeabiliza-
tion with cold acetone, the fixed cells were blocked
with 0.5% Bovine Serum Albumin (BSA) and 3%
glycerol in Phosphate Buffer Solution (PBS) for
20 minutes and incubated with mouse monoclonal
anti-Cx43 (1 : 250; Millipore, Milan, Italy) and goat
polyclonal anti-Cdo (1 : 200; Santa Cruz, Milan,
Italy) antibodies over night at 4 �C. The immunor-
eactions were revealed by incubation with goat anti-
mouse Alexa Fluor 568-conjugated IgG (1 : 100; Mo-
lecular Probes Inc., Eugene, OR) and rabbit anti-
goat Alexa Fluor 488-conjugated IgG (1 : 200; Mole-
cular Probes) for 1 hour at room temperature. Nega-
tive controls were carried out by replacing the pri-
mary antibodies with nonimmune mouse serum.
After washing, the coverslips containing the immu-
nolabelled cells were mounted with an antifade
mounting medium (Biomeda Gel mount, Electron
Microscopy Sciences, Foster City, CA).

2.2 Confocal imaging

Observations were carried out with a Laser Scanning
Confocal Microscope Leica TCS SP5 (Leica Micro-
systems, Mannheim, Germany) equipped with HeNe
and Ar laser excitation sources. The acquisitions
were performed using a Leica Plan Apo 63/1.43NA
oil immersion objective and differential interference
contrast (DIC) optics for transmission imaging.

Once excited by the 488 nm Ar laser line, the
Alexa Fluor 488 fluorescence was gathered into the
spectral window 500–550 nm and the image green
channel was assigned to it. The 543 nm HeNe laser
line was used instead to excite the Alexa Fluor 568
whose fluorescence emission was recorded in the
spectral window 600–650 nm and assigned to the im-
age red channel.

Series of optical sections (1024� 1024 pixels
each; field size 200 mm, pixel size of about 200 nm)
were taken through the depth of the cells at intervals
of 370 nm. Images were then Z-projected onto a sin-
gle ‘extended focus’ image. The fluorescence Z-pro-

jections and DIC images were than merged to loca-
lize the immunostaining on the cell surface.

2.3 Western Blotting

Cells were re-suspended in appropriate volume of
cold lysis buffer (10 mM Tris/HCl, pH 7.4, 10 mM
NaCl, 1.5 mM MgCl2, 1% Triton X-100, 2 mM Na2

EDTA), added with 10x Sigmafast Protease Inhibi-
tor cocktail tablets (Sigma). Upon centrifugation
at 13,000 g for 15 minutes at 4 �C, the supernatants
were collected and the total protein content was
measured spectrophotometrically using micro-
BCATM Protein Assay Kit (Pierce, IL, USA). 50 mg
of total proteins were electrophoresed by SDS-
PAGE (200V, 1h) using a denaturating 7.6% poly-
acrylamide gel and blotted onto nitrocellulose mem-
branes (Amersham, Cologno Monzese, Italy; 150 V,
1h). The membranes were blocked with PBS con-
taining 0.1% Tween (Sigma) and 1% bovine serum
albumin (AT-PBS) (Sigma) for 1 h at room tempera-
ture and incubated overnight at 4 �C with goat poly-
clonal anti-Cdo antibody (1 : 400 in AT-PBS; Santa
Cruz Biotechnology) and rabbit polyclonal anti-
Cx43 antibody (1 : 750 in AT-PBS; Santa Cruz Bio-
technology). Membranes were also immunostained
with rabbit polyclonal anti-b-actin antibody (diluted
1 : 20.000 in AT-PBS; Sigma), assuming b-actin as
control invariant protein. After washing with T-PBS
(Tween-PBS), the membranes were incubated with
peroxidase-labeled anti-goat or anti-rabbit antibo-
dies (1 : 15.000 in AT-PBS; Vector, Burlingame, CA)
for 1 hour, at room temperature and the immunor-
eactivity was detected by the ECL chemiluminescent
substrate (Amersham). Densitometric analysis of the
bands was performed using Scion Image Beta 4.0.2
image analysis software (Scion Corp.) and the values
normalized to b-actin values.

2.4 Colocalization analysis

To verify the initial hypothesis regarding the interac-
tion between cadherin-associated Cdo, stained with
Alexa Fluor 488, and Cx43 protein, stained with
Alexa Fluor 568, colocalization analysis was carried
out on the 3D confocal Z-stacks acquired from dou-
ble stained samples (Table 1). Though colocalization
does not necessarily mean that the two proteins di-
rectly interact, it is otherwise true that in the ab-
sence of a significant correlation between the spatial
distribution of the two biomolecules, it is unlikely
that they have a stable interaction [26].

Colocalization analysis was performed by using
the JACOP plug-in routine made available for the
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ImageJ software (http://rsbweb.nih.gov/ij). Pearson’s
Correlation coefficient (PC) was chosen for evaluat-
ing colocalization levels [27].

2.5 FRET sensitized emission

Though colocalization analysis represents a valuable
statistical screening test, it is on the other hand well
known that a significant correlation does not neces-
sarily mean a real physical interaction between the
two molecules. The optical Point Spread Function
(PSF) volume, in the order of 1 mm3, is too wide to
state whether two proteins inside it really interact.
We then performed FRET analysis (FRET volume is
in the order of 10�6 mm3) to determine whether
Cx43 and Cdo interacted with one another. Alexa
Fluor 488 (donor D) and Alexa Fluor 568 (acceptor
A) are a good FRET pair, with a Förster radius of
6.2 nm [28].

Sensitized Emission (SE) FRET is one of the
most used and simple methods for the evaluation of
FRET efficiencies [29]. The method involves measur-
ing the acceptor fluorescence emission when only
the donor has been excited (IAD) in sequence with
the emission detection of the directly excited accep-
tor (IAA). The ratio of these two signals is approxi-
mately proportional to the FRET efficiency [30]:

E / SE/IAA � IAD/IAA (1)

The last approximation holds when the spectral
bleed-through contributions are negligible. These
noise components are mainly of two types: the donor
emission detected in the acceptor channel and the
acceptor emission caused by a direct excitation.

To take into account such contributions, far more
complex measuring methods must be used [31]
though, in the end, new noise terms could be intro-
duced. To avoid all these cumbersome procedures,
we followed a more straight way carefully choosing

either the donor excitation wavelength and the ac-
ceptor emission channel bandwidth.

Figure 1A shows the absorption curves of Alexa
Fluor 488 (dashed line) and Alexa Fluor 568 (dotted
line) along with their absorbance ratio (continuous
line). Using the Ar laser line at 458 nm as the donor
excitation wavelength, the donor/acceptor absorp-
tion ratio is at its maximum thus satisfactorily facing
the trade off between an efficient excitation of the
donor while keeping the acceptor absorption level at
a minimum. In this way the spectral bleed-through
of the acceptor emission caused by a direct excita-
tion will be negligible.

Figure 1B shows the emission characteristics of
the two fluorophores. The dotted and dashed curves
represent the emission signal of Alexa Fluor 568 and
Alexa Fluor 488 respectively, integrated over a
bandwidth spanning from l to 750 nm. The third plot
(continuous line) represents their ratio. Choosing an
emission channel from 650 nm to 750 nm, the de-
tected acceptor fluorescence will be about two or-
ders of magnitude higher than the donor one while
suffering an acceptable reduction to 24% of the total
emission. This is a reasonable tradeoff between a
low donor fluorescence spectral bleed-through and a
still good signal from the acceptor.

Once set up these experimental parameters, the
approximated formula (1) was safely used for a fast
evaluation of FRET efficiency.

To check whether an acceptor SE signal was ac-
tually present, confocal l-stacks images were ac-
quired from double stained samples excited with the
Ar laser line at 458 nm (donor excitation) and the
resulting total emission spectrum was obtained.

Confocal 3D Z-stacks images of IAD and IAA

were then taken by sequential acquisitions of the
Alexa Fluor 568 fluorescence once excited by the la-
ser lines at 458 nm and 543 nm respectively. FRET
efficiency was calculated by using equation (1) for
each one of the Z-stacks and then Z-projected onto
a single ‘extended focus’ pseudocolor image.

Table 1 Description of the samples used for molecular imaging.

Sample Description

T0 Cdo (Alexa Fluor 488) and Cx43 (Alexa Fluor 568) in C2C12 myoblasts.
DM 24 h Cdo (Alexa Fluor 488) and Cx43 (Alexa Fluor 568) in C2C12 myoblasts cultured for 24 h

in differentiation medium.
DM 48 h Cdo (Alexa Fluor 488) and Cx43 (Alexa Fluor 568) in C2C12 myoblasts cultured for 48 h

in differentiation medium.
DM 72 h Cdo (Alexa Fluor 488) and Cx43 (Alexa Fluor 568) in C2C12 myoblasts cultured for 72 h

in differentiation medium.
DM þ S1P 24 h Cdo (Alexa Fluor 488) and Cx43 (Alexa Fluor 568) in C2C12 myoblasts cultured for 24 h

in differentiation medium þ 1 mM S1P
Donor control Cdo (Alexa Fluor 488) in C2C12 myoblasts cultured for 48 h in differentiation medium
Acceptor control Cx43 (Alexa Fluor 568) in C2C12 myoblasts cultured for 48 h in differentiation medium
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It was also verified that spectral bleed-through
contributions of donor and acceptor control samples
were actually lower than the background noise level.

2.6 Hyperspectral FLIM-FRET

Our apparatus was a PCM2000 confocal laser scan-
ning unit attached to a TE2000-U inverted optical
microscope (CLSM); a CFI Planapo 60X/1.4 NA oil
immersion objective was used for the measurements
(Nikon Corp., Tokyo, Japan). The excitation light
source was an ultrafast laser system made up of a
Mira 900F mode-locked Ti : Sapphire oscillator
pumped by a 5 W Verdi V5 (Coherent Inc., USA).
The Ti : Sapphire output, tuned at 800 nm, was
coupled by an aspheric lens (L) into a 30 cm long
microstructured optical fibre (MOF) (NL-1.7-670,

Crystal Fibre,) to produce a pulsed broadband super-
continuum (SC) radiation. A Faraday isolator (F)
avoided back reflections into the laser cavity and a
half-wave plate l/2 was used to adjust the beam po-
larization.

The SC spectral band spanned from 390 nm to
1500 nm. At the MOF output a monochromator (M)
of a special axial design [32] was used to tune the
excitation wavelength. A 10 nm FWHM bandwidth
around 460 nm was chosen, according to the pre-
vious reasoning (Figure 1A). A better excitation se-
lectivity of the donor dye was also the reason why
we preferred this complex one-photon excitation
configuration based on a SC source instead of the
straightforward two-photon approach. In fact, the
two-photon absorption spectra of Alexa Fluor 488,
and Alexa Fluor 568 are highly overlapping [33] and
an unwanted excitation of the acceptor would be
highly probable.

A 505DCLP dichroic long-pass beamsplitter
(Chroma Technology Corp., Bellows Falls, VT
USA), inside the confocal scanning head, coupled
the 460 nm excitation wavelength into the optical
microscope.

At the fluorescence output a 3 mm thick long-
pass OG515 barrier filter (Schott AG, Mainz, Ger-
many) was used to block out the excitation radia-
tion. The fluorescence signal, through one of the two
fibre coupled output ports, was sent, as usual, to the
confocal control unit PMT. The image was shown on
the confocal display to monitor and select the obser-
vation field of view, while the fluorescence light at
the other output port was delivered to the hyper-
spectral fluorescence lifetime detection system. The
FLIM equipment was composed of an imaging spec-
trograph (FICS, Model 77442, Spectra-Physics) inter-
faced with a 16-Channel Photomultiplier Head
(PML-16, Becker & Hickl GmbH, Berlin) spanning
a wavelength range from 410 to 650 nm, with a
16 nm channel width. The PML-16 detector was an
Hamamatsu R5900-L16 multianode PMT with a time
resolution of 200 ps.

Each one of the 16 independent PMT channels
operated in photon counting mode and their signals
were sent to a Time-Correlated Single Photon
Counting module (TCSPC) [34] (SPC-830, Becker &
Hickl) which built up the photon distribution versus
time and channel number (wavelength). At the
Ti : Sapphire output, a beamsplitter (BS) was used to
reflect part of the beam towards a fast photodiode
(P) to pick up the temporal reference pulse for the
sync input of the SPC-830 TCSPC module.

The FLIM equipment was controlled by its in-
strument software (SPCM). The integration time for
each image was 240 s, to attain an appropriate
photon statistics. Data analysis was then performed
by the SPCImage software, fitting each donor ex-
perimental decay curve by either a mono-exponen-

Figure 1 (A) Absorption spectra of the donor dye, Alexa
Fluor 488 (dashed line), the acceptor dye Alexa Fluor 568
(dotted line), and donor-acceptor ratio (continuous line);
(B) emission of Alexa Fluor 568 (dotted line) and Alexa
Fluor 488 (dashed line), integrated over a bandwidth span-
ning from l to 750 nm, and acceptor-donor emission ratio
(continuous line).
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tial function, for the sample transfected with the do-
nor alone (donor control), or by a bi-exponential
one, for samples with both donor and acceptor:

FdðtÞ ¼ at e�t=tt þ ad e�t=td ð2Þ
The fast lifetime component (at, tt) refers to the
quenched donor fraction, involved in FRET process,
while the slow lifetime component (ad, td) represents
the unquenched one (no FRET) typical of the donor
alone (donor control). The amplitude coefficients at

and ad represented the percentage of donors inter-
acting or not with the acceptors, respectively [35,
36].

The fitted value of the slow lifetime td was
checked to be in agreement with the donor control
one. When the result of the fit was outside the cor-
rect range, the datum was discarded. This “a poster-
iori” monitor on this parameter was done in order to
put some kind of constraint on the fit results and
thus to gain a better evaluation of the other ones.

From the fitted parameters we calculated the
mean lifetime tm, and the FRET efficiency E:

tm ¼ attt þ adtd ð3Þ
E ¼ 1� tt=td ð4Þ
Hyperspectral FLIM allows to acquire the fluores-
cence decay in several wavelength bands simulta-
neously. When measuring FRET with FLIM, the de-
cay behaviors of both the donor and the acceptor
fluorescence can be acquired contemporaneously
and separately. In this way, it is possible to verify
that the decrease of the donor fluorescence intensity
and lifetime corresponds to an increase of the accep-
tor emission [37].

The temporal behavior of the acceptor fluores-
cence can be fitted by using the following Eqs. [38–
41]:

FaðtÞ ¼ �bt e�t=tt þ ba e�t=ta ð5Þ
The first term describes the slow rise of the acceptor
fluorescence due to the energy transfer from the do-
nor, while the second term represents the typical de-
cay of the acceptor alone. The ratio bt=ba should be
1 [39], but it could deviate from this value mainly
because of the spectral bleed-through of the donor
fluorescence into the acceptor emission channel, sub-
stantially lowering this figure. For a correct estima-
tion of the true acceptor decay, the donor contribu-
tion should be subtracted. The percentage of the
leakage into the acceptor channel was estimated
from the donor control sample. Then, for each pixel
of the acceptor FLIM image the right fraction of the
donor decay curve measured in the donor emission
channel was subtracted from the acceptor one, after
suitable deconvolution procedures had been per-
formed on the rough data by using the Instrument
Response Functions (IRF) of the respective emission

channels [38]. These computations were carried out
by custom made algorithms developed in Labview
(National Instruments, Austin TX, USA).

3. Results and discussion

We first evaluated the time course expression of
Cx43 and Cdo during C2C12 myoblast differentia-
tion using confocal immunofluorescence. We found
that both the molecules displayed a similar expres-
sion pattern (Figure 2A–P); in fact, the levels of
Cx43 and Cdo were low in undifferentiated myo-
blasts (Figure 2A, H), increased substantially in the
early stages of differentiation (48 h), (Figure 2C, J),
and gradually decreased in the later time points (Fig-
ure 2D, K).

Of interest, the addition to the cell culture of a
pro-myogenic factor, S1P (1 mM), [5] greatly poten-
tiated the expression of both Cx43 and Cdo at 24 h,
resulting in a 3- and 2-fold increase of the two pro-
tein, respectively, as judged by confocal (Figure 2E,
L, O, P) and Western blotting analysis (Figure 2Q,
R). These latter data, while consistent with the role
played by Cx43 in S1P-mediated in vitro myogen-
esis [19], provided the first evidence to suggest that,
besides Cx43, also Cdo could be a crucial down-
stream target of the sphingolipid action in myogen-
esis.

The same pattern of regulation and temporal in-
duction of Cx43 and Cdo during C2C12 cell differen-
tiation, allowed us to hypothize the existence of a
functional interaction between the two proteins. To
address this point, we next performed co-localization
studies on 3D confocal Z-stacks acquired from dou-
ble stained samples. The results showed a partial co-
localization of Cx43 and Cdo in undifferentiated
myoblasts (PC � 0.6); the scatter plot (Figure 3A)
displayed, in fact, two separate clouds of pixel inten-
sities: the first one was distributed near the green
channel axis indicating a small amount of non co-lo-
calizing immunolabeled Cdo, while the second one
was placed along the bisector axis attesting a full co-
localization. After 48h of differentiation (Figure 3D,
F), the pixel distribution gradually concentrated
along the bisector line, suggesting that the increased
expression of both Cx43 and Cdo (Figure 2) was as-
sociated with an increased co-localization (PC � 8).
As shown in Figure 3H the co-localization of the two
proteins was concentrated at the sites of the cell-to-
cell contacts. In the later stages of differentiation
(72 h), in concomitance with the downregulation of
Cx43 and Cdo (Figure 2), the levels of co-localiza-
tion of the two proteins were reduced reaching the
basal values (PC � 6; Figure 3E, F).

We also found that the amount of co-localized
proteins increased significantly by stimulation with
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S1P (PC � 7; Figure 3C, 3G) after 24 h of differen-
tiation, and were reduced thereafter (PC � 5, Fig-
ure 3G).

To verify whether the significant correlation be-
tween the spatial distributions of the two biomole-
cules found in the previous colocalization analysis
was due to an actual interaction or not, SE-FRET
analysis was carried out on C2C12 cells expressing
the highest levels of Cx43 and Cdo (DM 48 h or
DM þ S1P 24 h).

The emission spectrum of the donor (Cdo-Alexa
Fluor 488), after excitation at lex ¼ 458 nm, showed
a clear contribution of the acceptor (Cx43-Alexa
Fluor 568) emission (SE) due to FRET (Figure 4A).
Figure 4B shows the SE-FRET efficiency image in
pseudocolor superposed with transmission DIC.

Figure 2 Time dependent expression of Cx43 (A–G) and
Cdo (H–N) in differentiating C2C12 myoblasts. C2C12
cells cultured in the absence (A–D, H–K) or in the pre-
sence (E–G, L–N) of 1 mM S1P for 24 h (B, E, I, L), 48 h
(C, F, J, M) and 72 h (D, G, K, N), were immunolabeled to
reveal Cx43 (red) and Cdo (green) and then observed un-
der confocal microscopy. Fluorescence and DIC images
were merged to localize the immunostaining on the cell
surface. (O, P) Time-course immunofluorescence analysis
of Cx43 (O) and Cdo (P) in the indicated experimental
conditions. (Q, R) Western blot analysis of Cx43 (Q), and
Cdo (R) in untreated and 1 mM S1P treated C2C12 cells in
basal conditions or after 24 H of culture. Data represent
the results of at least three independent experiments with
similar results, values are reported as average � SD.
*P < 0.01 vs T0, �P< 0.01 vs DM.

Figure 3 Colocalization of Cx43 and Cdo in differentiating
C2C12 myoblasts. (A–E) scatterplots of fluorescent signals
in C2C12 cells at T0 (A) and cultured for: 24 h (B), 48 h
(D) and 72 h (E) in DM and 24 h (C) in DM þ 1 mM
S1P. (F, G) Time course evaluation of PC between immu-
nolabeled Cdo (green) and Cx43 (red) fluorescence. PCs
were calculated from confocal stacks of C2C12 cells cul-
tured in the absence (F) or in the presence (G) of 1 mM
S1P. All values are reported as average � SD (*P < 0.01
vs. T0). (H) Merge of fluorescence and DIC images in
C2C12 cells cultured for 24 h in DM. Fluorescence of Cdo
(green) and Cx43 (red) shows evident colocalization at dis-
crete plasmamembrane sites, that are mainly localized in
cell-cell contact surfaces (insert).
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In order to provide a quantitative FRET analysis
we performed hyperspectral FLIM measurements
[24, 42]. The donor fluorescence decay in the ab-
sence of the acceptor (donor control sample) was
well fitted by a mono-exponential function (Fig-
ure 5A, blue curve, c2 ¼ 1.05). This characteristic al-
lowed a simpler FRET analysis devoid of rough ap-
proximations. In fact, a bi-exponential fitting for the
donor fluorescence decay in the presence of the ac-
ceptor could have a straightforward interpretation
(Figure 5A, red curve, c2 ¼ 1). The slow lifetime
component was due to non-interacting (unquenched)
donors while the fast component came from the in-
teracting ones. The slow lifetime component was

checked to be in agreement with the donor control
one as specified in the previous section 2.6. The ac-
ceptor decay curve was fitted according to the model
of Eq. (5) (Figure 5A, green curve, c2 ¼ 0.98).

Figure 5B shows the emission spectrum of the do-
nor alone (donor control sample, blue curve), with a
single peak centered around 538 nm (channel 9),
and the one from a sample where both the donor

Figure 4 Sensitized Emission FRET. (A) Emission spec-
trum after excitation of the donor with l ¼ 458 nm. It
shows a clear contribution of the acceptor emission (SE)
due to FRET. The figure also shows the acceptor excita-
tion wavelength l ¼ 543 nm and the emission spectral win-
dow: 650 nm–750 nm used for SE-FRET measurement.
(B) Pseudocolor image of relative SE-FRET efficiency
merged with the transmission DIC.

Figure 5 (A) (blue triangles) Donor fluorescence decay of
the donor control sample; experimental data and mono-ex-
ponential fitting (td ¼ 2:612 ns, c2 ¼ 1:05). (red circles)
Experimental data and bi-exponential fitting (at ¼ 69:5%,
tt ¼ 1:122 ns, ad ¼ 30:5%, td ¼ 2:650 ns, c2 ¼ 1:0) of the
donor fluorescence decay in samples stained with both
donor and acceptor (DM 48 h or DMþ S1P 24 h). (green
squares) Acceptor fluorescence decay due to FRET;
experimental data and fitting according to Eq. (5)
(bt ¼ 46:5%, ba ¼ 53:5%, ta ¼ 3:124 ns, c2 ¼ 0:98); the
fast lifetime tt was held fixed at the corresponding value
measured for the donor: tt ¼ 1:122 ns. The measured
Instrument Response Functions at channel 9 (grey dia-
monds) and at channel 13 (black circles) are also shown.
(B) Emission spectra (lex ¼ 460 nm) from 410 nm (chan-
nel 1) to 650 nm (channel 16) of the donor control sample
(blue triangles) and the one of the sample with both fluor-
ophores (red circles). The 16 PMT channels are indicated.
Note the short-wavelength cutoff due to the OG515 emis-
sion filter. (C–E) FLIM pseudocolor images and lifetime
histograms for: donor control sample lifetime td (channel 9)
(C), donor þ acceptor lifetime tm (channel 9) (D) and
acceptor lifetime ta (channel 13) (E). (F) Pseudocolor im-
age of the ratio �bt=ba:
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and the acceptor where present (DM 48 h or
DM þ S1P 24 h, red curve) which shows two differ-
ent peaks: at 538 nm (donor emission) and 602 nm
(channel 13), corresponding to the acceptor SE. The
sharp short-wavelength cutoff was due to the pre-
sence of the OG515 emission filter which blocked
part of the Alexa Fluor 488 fluorescence around its
emission maximum (519 nm).

The FLIM image of the donor control sample, in
the wavelength band corresponding to its maximum
emission (channel 9), is shown in figure 5C in pseu-
docolors, along with the relative lifetimes histogram.
The mean lifetime value was td ¼ 2650� 80 ps. Fig-
ure 5D shows the FLIM image of a double immu-
nostained sample, again from channel 9; its mean
lifetime was shortened, tm ¼ 1830� 150 ps, whereas
Figure 5E shows the same field of view of (D), in
the wavelength band of the maximum emission of
the acceptor (channel 13). This time the fluorescence
decay was fitted using Eq. (5). The first term of the
equation represents the slow rise of the acceptor
fluorescence due to the energy transfer from the do-
nor, the lifetime tt was then held fixed, in the fit, at
the corresponding value measured for the donor:
tt ¼ 1:122 ns. The FLIM image (E) shows the slow

lifetime ta while Figure 5F shows the ratio �bt=ba

which, according to the model, should be as close as
possible to �1 [39]. Our result was in good agree-
ment with the expected value.

Therefore, we can state that FRET has really
occurred and Cdo and Cx43 interact at nanometric
level.

We next measured samples stimulated with S1P
in 24 h cultured myoblasts (DMþ S1P 24 h) and
compared the results with the samples without S1P
stimulation in 48 h cultured myoblasts (DM 48 h).
We have chosen again the samples with the maxi-
mum expression of the two proteins in order to have
a better FLIM statistics.

Figure 6 shows the FLIM images and the relative
lifetime histograms of the DM 48 h sample (A), and
the DMþ S1P 24 h sample (B).

We obtained the fast component tt of the fluores-
cent decay and the percentage of interacting donors
at [30, 31] from each FLIM image from channel 9.
We then averaged all these measurements and the
mean value of their standard deviations was taken
as the error. Using Eq. (4), we have then calculated
the FRET efficiency.

Table 2 summarizes the results obtained for 10
different samples of DM þ S1P 24 h and 6 different
samples of DM 48 h.

The at amplitudes did not substantially vary in
S1P-stimulated cells as compared to untreated ones
in agreement with the confocal analysis showing that
S1P was able to up-regulate the expression of both
Cdo and Cx43. Moreover, we found that the FRET
efficiency was higher in the cells stimulated with S1P,
leading us to speculate that the sphingolipid could
increase not only the expression of Cdo and Cx43
but also their interaction in our experimental proto-
col. This may be consistent with previous observa-
tions of our group and others showing that S1P
affects the phosphorilation status and induces onfor-
mational changes of Cx43 protein [5, 19, 43, 44].

4. Conclusion

In conclusion, using multiple optical techniques, we
have demonstrated that Cx43 and Cdo display the
same pattern of regulation and temporal induction
during in vitro myogenesis. These two proteins may
physically interact with each other in differentiating

Figure 6 FLIM pseudocolor images of the fast component
tt and the relative histograms for DM 48 h (A) and DM þ
S1P 24 h (B).

Table 2 FLIM-FRET statistics for samples cultured with
and without S1P stimulation.

Sample Ef at (%)

DM 48 h 0.55 � 0.07 62 � 9
DM þ S1P 24 h 0.75 � 0.09 65 � 6
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myoblasts, suggesting the existence of a functional
interaction between adhesion and gap-junctional
molecules at the site of cell-to-cell contacts. How-
ever, experiments are currently ongoing in our lab
to address whether Cx43 and Cdo interact directly
or through their associated proteins and to assess
the functional consequence of this interaction on
skeletal myoblast differentiation.
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