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Phosphocreatine as an energy source for actin cytoskeletal
rearrangements during myoblast fusion
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Myoblast fusion is essential for muscle development, postnatal growth and muscle repair

after injury. Recent studies have demonstrated roles for actin polymerization during

myoblast fusion. Dynamic cytoskeletal assemblies directing cell–cell contact, membrane

coalescence and ultimately fusion require substantial cellular energy demands. Various energy

generating systems exist in cells but the partitioning of energy sources during myoblast fusion is

unknown. Here, we demonstrate a novel role for phosphocreatine (PCr) as a spatiotemporal

energy buffer during primary mouse myoblast fusion with nascent myotubes. Creatine

treatment enhanced cell fusion in a creatine kinase (CK)-dependent manner suggesting that

ATP-consuming reactions are replenished through the PCr/CK system. Furthermore, selective

inhibition of actin polymerization prevented myonuclear addition following creatine treatment.

As myotube formation is dependent on cytoskeletal reorganization, our findings suggest that

PCr hydrolysis is coupled to actin dynamics during myoblast fusion. We conclude that myoblast

fusion is a high-energy process, and can be enhanced by PCr buffering of energy demands during

actin cytoskeletal rearrangements in myoblast fusion. These findings implicate roles for PCr as

a high-energy phosphate buffer in the fusion of multiple cell types including sperm/oocyte,

trophoblasts and macrophages. Furthermore, our results suggest the observed beneficial effects

of oral creatine supplementation in humans may result in part from enhanced myoblast fusion.
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Satellite cells present in adult mammalian muscle play
a key role in muscle repair and growth. In response
to extracellular signals, quiescent satellite cells begin to
proliferate and their progeny myoblasts differentiate and
fuse to form myotubes, a process called myogenesis.
Myotube formation and growth are regulated by two
types of fusion events (Horsley & Pavlath, 2004). First,
differentiated myoblasts fuse together to form small
nascent myotubes containing few nuclei. Subsequently,
additional fusion between myoblasts and nascent
myotubes results in the formation of large myotubes
containing multiple nuclei. The molecular mechanisms
of myoblast fusion are incompletely understood.

Cell fusion is an ordered process of migration,
cell–cell contact and adhesion followed by plasma
membrane alignment and fusion. Extensive cytoskeletal
reorganization occurs before and during fusion (Fulton
et al. 1981). Dynamic cytoskeletal assemblies regulating
cell fusion are dependent upon the hydrolysis of ATP.
Although the polymerization and dissociation of actin
monomers can account for up to 50% of cellular energy
expenditure (Daniel et al. 1986; Bernstein & Bamburg,

2003), the partitioning of energy sources during myoblast
fusion has never been studied. Does preferential hydrolysis
of a high-energy phosphate buffer occur as cells renounce
their individual status and fuse to form multinucleated
myotubes?

The universal currency of energy in all cells, ATP,
is generated by oxidative phosphorylation in the
mitochondria. Two mitochondrial isoforms of creatine
kinase (CK), sarcomeric (sMitoCK) expressed in skeletal
muscle and ubiquituous (uMitoCK) present in other cell
types, catalyse the formation of phosphocreatine (PCr),
which transports the high-energy phosphate emanating
from mitochondrial sites of ATP production to sites of
ATP consumption within cytoplasmic compartments by
facilitative diffusion (Meyer et al. 1984). In contrast to ATP,
PCr readily diffuses throughout the cell due to favourable
physiochemical properties including concentration, size
and polarity (Wyss & Kaddurah-Daouk, 2000) and thus
can serve as a freely diffusing energy buffer (Wiseman &
Kushmerick, 1995). Additionally, PCr buffers intracellular
ATP/ADP ratios without adverse affects on pH or the
activity of other cellular enzymes. The relative importance
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of PCr in energy shuttling versus ATP buffering differs
among cell types (Wallimann et al. 1992).

Cytosolic isoforms of CK replenish local ATP levels at
sites of high ATPase activity by catalysing the transfer
of phosphate from PCr to ADP thereby preventing
ATP depletion. Cytosolic CK enzymes are composed of
both homo- and heterodimeric subunits expressed in a
tissue-specific manner. A developmental transition from
the brain homodimeric isoform of CK (CK-BB), to a
muscle–brain hybrid (CKMB) and finally to a muscle-
specific isoform (CK-MM) occurs during myoblast
differentiation (Chamberlain et al. 1985). Individual
isoforms vary with respect to half-life, kinetic properties
and distribution within the cell. While the muscle
subtype of creatine kinase (CKM) localizes to the contra-
ctile apparatus (Schafer & Perriard, 1988), sequence
diversity in the carboxy terminus promotes localization of
the brain subtype of creatine kinase (CKB) to the plasma
membrane and mitotic spindles (Cande, 1983; Silver et al.
1983).

CK is associated with cytoskeletal rearrangements
and cell motility. CKB relays thrombin-mediated signals
to the cytoskeleton inducing morphological alterations
in astrocyte cell shape (Mahajan et al. 2000). In
sea urchin sperm, CKB is concentrated in the distal
region of the sperm tail (Tombes et al. 1988) where
it binds the cytoskeletal protein dynein at the plasma
membrane. Pharmacological inhibition of CK reduces
sperm migration suggesting a role for CK in localized
ATP replenishment during cell motility. Additionally,
treatment of tumour cells with cyclocreatine, a competitive
inhibitor of CK, decreases tumour cell motility (Mulvaney
et al. 1998). Therefore, CK probably plays a role in localized
ATP regeneration in cells where sites of ATP production
are separated by large distances from sites of consumption.

We hypothesized that myogenesis is a high-energy
process requiring PCr. Our data support a model in
which the PCr/CK energy system sustains localized
ATP-dependent reactions during actin polymerization in
myoblast fusion.

Methods

Ethical approval

All procedures were approved by Emory University’s
Institutional Animal Care and Use Committee and were in
compliance with US National Institutes of Health (NIH)
guidelines.

Cell culture

Adult Balb/c mice were killed by cabon dioxide inhalation
and hindlimb muscles were collected. Primary myoblasts
were isolated as described (Mitchell & Pavlath, 2004)

excluding differential centrifugation with Percoll.
Myoblast purity was > 90% as confirmed by immuno-
staining for MyoD. Cells were cultured in growth medium
(GM) and differentiation medium (DM) as described
(O’Connor et al. 2007).

Cell differentiation and fusion assays

Myoblasts were treated with various concentrations of
creatine monohydrate (Sigma) in DM and subsequently
immunostained for embryonic myosin heavy chain
(eMyHC) as described (Horsley et al. 2003). To analyse
differentiation, the number of nuclei in eMyHC+ cells
was counted after 24 h in DM and expressed as a
percentage of the total nuclei analysed. To analyse fusion,
the number of nuclei in myotubes containing two or
more nuclei was expressed as a percentage of the total
nuclei quantified. The average number of nuclei contained
within myotubes was also calculated. Ten random fields
containing approximately 1000 nuclei were analysed in
each condition. In all assays three independent cell
isolates were analysed.

Measurement of intracellular phosphocreatine
by HPLC

Myoblasts were plated and several hours later, the
medium was replaced with GM containing creatine at
either 12.5 mm or 50 mm. Following 24 h, the medium
was replaced with fresh creatine-containing medium
for an additional 24 h. Cells were harvested in 0.5 m

perchloric acid and 5 mm EDTA and subsequently lysed
by repeated cycles of freeze/thawing. The samples were
then centrifuged at 10 000 g for 10 min and the pellet
was resuspended in 1 m NaOH for protein assay using the
Bradford method (Bradford, 1976). The supernatant was
neutralized to pH 7.0 with a solution of 2 n KOH, 150 mm

TES and 0.3 m KCl and then centrifuged for 20 min at
20 200 g . The resulting supernatant was rapidly frozen in
liquid nitrogen and stored at −80◦C for HPLC analyses.

HPLC analysis was performed as described (Wiseman
et al. 1992). Briefly, PCr was eluted from an
anion-exchange column using a linear phosphate gradient
(KH2PO4) from 50 mm (pH 4.5) to 500 nm (pH 2.7) at
a flow rate of 2.0 ml min−1 at room temperature. PCr
was quantified by comparing the area under the peaks of
sample metabolites against known PCr standards that were
calibrated enzymatically. Three independent experiments
were analysed. In each experiment, all measurements were
performed in duplicate to determine the intracellular
concentration of PCr.

Cell migration assays

To evaluate the effect of creatine on cell motility, primary
myoblasts were plated and switched to either DM or DM
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containing 12.5 mm creatine after 1 h. After 24 h, the dishes
were transferred to a thermoregulated microscope stage
maintained at 37◦C and 5% CO2. Cells were visualized
using a Zeiss Axiovert 200M microscope with a 0.3 NA
10× Zeiss Plan-Neofluar objective and images recorded
(QImaging camera and Openlab version 5.0.2 software,
Improvision) every 6 min for 80 min. The movement of
individual cells was tracked using ImageJ software (version
1.36) with manual tracking plug-ins. The initial point of
each migratory path was mathematically set at 0,0 and
subsequent displacement and velocity were calculated
using Excel (version 5.0). Cell migration was quantified
from triplicate independent experiments, scoring 15–18
cells per condition in each experiment.

RNA interference

An oligo encoding small interfering RNA for mouse
CKB (5′-GGAAGTGTTCACCCGATTC-3′) was cloned
into the retroviral plasmid pSuperRetro (Oligoengine
Inc., Seattle, WA, USA). This oligo was specific for its
target gene by BLAST sequence analyses. As a control,
an oligo containing scrambled small interfering RNA
(siRNA) sequence from the mouse β-actin gene was also
cloned. Retroviral infections were performed as described
(Abbott et al. 1998). Three to five days following retroviral
infection, myoblasts were transiently transfected with
80 nm double stranded ribonucleotides (dsRNA) against
CKM (5′-GGCUACAAACCCACAGACAAGCAUA-3′)
using lipofectamine 2000 (Invitrogen). Alternatively,
myoblasts containing control retrovirus were transiently
transfected with control ribonucleotides containing
scrambled sequence. Transfections were performed as
described (Horsley and Pavlath, 2003).

Creatine kinase assays

Cells expressing either control siRNA or siRNA for
both CKB and CKM were differentiated for 42–46 h
and subsequently lysed in glycylglycine buffer (0.05 m

glycylglycine, 1% ipegal and 0.1% β-mercaptoethanol).
Cell lysates were incubated with creatine kinase assay
reagent (Pointe Scientific) at 37◦C for 5 min. As creatine
kinase activity is directly proportional to the reduction
of NAD+ at 340 nm, the average absorbance per minute
was calculated. Creatine kinase activity was measured in
triplicate using two independent cell isolates.

CK-BB immunocytochemistry

For detection of CK-BB in differentiating/fusing
myoblasts, cells were fixed in ice-cold 100% methanol and
incubated in blocking buffer (phosphate-buffered saline
(PBS) containing 5% donkey serum, 0.5% BSA, 0.25%

Triton X-100) followed by overnight 4◦C incubation with
either rabbit anti-human CK-BB (Abcam) or control
rabbit IgG diluted 1 : 100 in blocking buffer. Cells were
incubated with biotin-conjugated donkey anti-rabbit
IgG diluted 1 : 250 in PBS + 0.2% Tween-20, then with
streptavidin–horseradish peroxidase (HRP) diluted
1 : 200 in TNB [0.1 M Tris-HC1, pH 7.5, 0.15 M NaCl,
and 0.5% blocking reagent (Perkin Elmer, Waltham, MA,
USA)]. The tyramide signal amplification green reagent
(Perkin Elmer) diluted 1 : 250 in amplification reagent
was used to visualize antibody binding. No staining was
observed with control antibody. Images were acquired
using an Axiovert 200M microscope with a 0.3 NA 20×
LD A-Plan objective (Carl Ziess MicroImaging, Inc.), and
images were recorded (QImaging Camera and OpenLab
5.0.2 software). Images were assembled using Illustrator
CS (Adobe) software and were not modified with the
exception of equal adjustments in size, brightness and
contrast.

Muscle injury and histological analyses

Male and female C57BL/6 mice (n = 9), of between 8
and 12 weeks of age were used. Mice were housed under
a 12 h dark–light cycle and received food and water
ad libitum. Mice were anaesthetized by intraperitoneal
injection of a mixture of xylazine (15 mg kg−1) and
ketamine (100 mg kg−1). Local muscle injury was induced
by injection of 50 μl of 1.2% BaCl2 in PBS using a Hamilton
syringe and a 27 G needle into both tibialis anterior (TA)
muscles. A 70 mm creatine solution in PBS (50 μl) was
injected intramuscularly at 24 and 48 h after injury. The
contralateral muscle received PBS alone. Mice were killed
by cabon dioxide inhalation 5 days following injury. TA
muscles were collected, embedded in mounting medium,
and frozen in isopentane cooled in liquid nitrogen.
Cyrosections from the belly of the TA muscle were analysed
by quantifying myofibre cross-sectional area (XSA) for
100–250 myofibres in a 307 200 μm2 field in the core of
the regenerating muscle (Horsley et al. 2003). All analyses
were performed double-blinded.

Image preparation and statistical analyses

Unless stated, images were obtained using a Zeiss Axioplan
microscope with a 0.3 NA 10× Zeiss Plan-Neofluar
objective. Images were captured using Scion Image
(version 1.63) and globally processed for brightness and
contrast using Adobe Photoshop (version 7.0).

To determine statistical significance, the mean data
obtained from two groups were analysed using Student’s
t test for unpaired data. Data from multiple groups were
analysed by ANOVA with Neuman–Keuls post hoc test
using GraphPad Prism version 4.0a (GraphPad Software
Inc., San Diego, CA, USA). For all tests, the significance
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of the difference between means was accepted at the 0.05
level.

Results

Creatine enhances myonuclear addition
and myotube growth

To test the hypothesis that myogenesis relies on intra-
cellular stores of the high-energy phosphate buffer PCr,
differentiating cultures were treated with creatine for 48 h.
Creatine treatment greatly enhanced both myotube growth
and myonuclear addition (Fig. 1A). Skeletal muscle is
enriched with 30–40 mm of intracellular creatine (Snow
& Murphy, 2001); 66% of this pool is phosphorylated,
acting as a high-energy phosphate buffer. To determine
the effective range of creatine doses on myonuclear
addition, differentiating myoblasts were treated with
various concentrations of creatine (1.25–75 mm). These
concentrations were similar in magnitude to other studies
(Ingwall et al. 1972; Pulido et al. 1998; Vierck et al. 2003).
A dose-dependent effect was observed up to 12.5 mm

creatine after which a plateau in myonuclear addition was
obtained (Fig. 1B).

In line with previous studies (Ceddia & Sweeney,
2004; Alfieri et al. 2006), increasing extracellular levels
of creatine to 12.5 mm enhanced intracellular PCr stores
from 53.9 to 78.5 mmol (mg protein)−1 (Fig. 1C), a
1.5-fold increase without any effect on ATP levels (data
not shown). Although creatine uptake into cells is
regulated by a transport-mediated saturable process (Wyss
& Kaddurah-Daouk, 2000), increasing the concentration

Figure 1. Creatine enhances myonuclear addition
in a dose-dependent manner
A, representative images of primary mouse muscle cells
differentiated for 48 h in the absence (–) or presence (+)
of 75 mM creatine (CRT) are shown. Bar: 100 μm. B, a
dose-dependent increase occurred in myonuclear
number with creatine treatment for 48 h with evidence
of saturation at higher concentrations. Data are
means ± S.E.M. from three independent experiments.
(∗P < 0.05 relative to control.) C, primary myoblasts
were treated with either 12.5 or 50 mM creatine.
Creatine enhanced intracellular PCr accumulation as
measured by HPLC analysis. All data were normalized to
protein content and values are means ± S.E.M. from
three independent experiments. (∗P < 0.05 relative to
control.)

of exogenous creatine to 50 mm further enhanced the
intracellular accumulation of PCr to 134.4 mmol (mg
protein)−1 (Fig. 1C), a 2.5-fold increase relative to basal
without any effect on ATP levels (data not shown). Thus,
the plateau in myonuclear addition at 12.5 mm creatine
suggests that myonuclear addition is limiting rather than
the expression and/or activity of the creatine transporter.
These results indicate that myogenesis is enhanced in the
presence of increased PCr.

Creatine mediated-growth is dependent
on actin polymerization

As myoblasts renounce their individual status, extensive
cytoskeletal rearrangements direct membrane coalescence,
fusion pore formation and cytoplasmic continuity (Fulton
et al. 1981). In Drosophila myogenesis actin polymerization
regulates the fusion process between fusion competent
myoblasts and founder cells (Kim et al. 2007; Massarwa
et al. 2007; Richardson et al. 2007). The polymerization
and dissociation of actin filaments is ATP dependent with
actin dynamics accounting for up to 50% of cellular energy
expenditure (Daniel et al. 1986; Bernstein & Bamburg,
2003). Thus, as actin polymerization is required during
multiple phases of the fusion process and the high-energy
phosphate buffer PCr enhances myoblast fusion, we
hypothesized that creatine-mediated myotube growth
occurs in an actin-dependent manner. We differentiated
mouse myoblasts in the presence of creatine for the initial
24 h of myogenesis and subsequently treated them with
either 50 or 100 nm latrunculin B (Lat B) for the final
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24 h. Although the equilibration dissociation constant for
the interaction of Lat B and actin monomers is 200 nm

(Coue et al. 1987; Yarmola et al. 2000), most studies use
a range of doses from 1 to 5 μm Lat B (Ivanov et al.
2004; Murakoshi et al. 2004). Thus, as the dose used in
our study is an order of magnitude less than those in
other studies, both drug-induced toxicity and non-specific
side-effects should be minimal. Either 50 or 100 nm Lat B
was sufficient to inhibit creatine-mediated growth (Fig. 2A
and B). Inhibition of actin polymerization with Lat B
resulted in minor deficits in myoblast fusion in the absence
of creatine (Fig. 2B). No difference existed in the total
number of nuclei per field following Lat B treatment
suggesting that the effects of Lat B are not due to loss
of cells (Fig. 2C). As Lat B binds to actin through its
nucleotide binding domain (Belmont et al. 1999) and

Figure 2. Actin polymerization is required for
creatine-mediated effects
A, myoblasts were differentiated in the presence or
absence of 12.5 mM creatine (CRT) for 24 h. This
medium was subsequently replaced with DM containing
vehicle, 50 or 100 nM latrunculin B (Lat B) for the
remainder of myogenesis. Representative images
following 48 h of differentiation are shown. Bar:
100 μm. B, myonuclear number was reduced to control
levels in cells that received either 50 or 100 nM Lat B
following creatine treatment. C, no significant
difference in the total number of nuclei per field
occurred with either creatine or Lat B treatment. Data
are means ± S.E.M. from three independent
experiments. (P < 0.05.)

inhibits ATP turnover (Ayscough et al. 1997; Yarmola et al.
2000), our data are consistent with a role for PCr as a
high-energy phosphate buffer, enhancing ATP repletion
and subsequent actin polymerization.

Cell motility is unaltered following creatine treatment

Cell fusion involves a multistep process of cell recognition,
alignment, adhesion and membrane coalescence. Cell
migration is indispensable for the alignment of fusion
competent myoblasts. Previous studies have demonstrated
a role for PCr/CK in both spermatocyte and glial cell
motility (Tombes et al. 1988; Mulvaney et al. 1998; Wang
et al. 1998). CKB is located at the plasma membrane
(Cande, 1983; Silver et al. 1983) suggesting potential roles
in membrane dynamics during both migration and fusion.
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However, analysing the motility of differentiated myoblasts
by time-lapse microscopy for 80 min revealed that creatine
had no effect on either the migratory paths of individual
cells (Fig. 3A) or the average velocity of these cells (Fig. 3B).
These results suggest that creatine modulates cell fusion
independent of changes in cell motility.

Creatine enhances myonuclear addition independent
of either proliferation or differentiation

Myogenesis involves an ordered progression of myoblast
proliferation, differentiation and fusion. Therefore,
we analysed whether creatine modulated cell fusion
independent of effects on earlier stages of myogenesis.
Creatine had no effect on myoblast proliferation/survival
(Fig. 4A) or differentiation (Fig. 4B). Similarly, creatine
had no effect on the initial fusion of myoblasts to
form nascent myotubes as the fusion index was similar
in control and experimental groups after 24 h in
DM (Fig. 4C). However, the enhanced fusion index at
48 h suggests creatine promoted myoblast fusion with

Figure 3. Myoblast motility is unaffected by creatine
A, myoblasts were differentiated in the presence and absence of
12.5 mM creatine (CRT) for approximately 24 h and then time-lapse
photographs were recorded every 6 min for 80 min. The migratory
paths of individual mononucleated cells are shown. Paths of 8–10 cells
from each of three independent experiments were pooled for a
combined total of 26 paths. B, the mean velocity was similar in control
and creatine-treated cells. Data are scatter plots of 48 cells
(approximately 15 cells per experiment).

nascent myotubes at later stages of myogenesis (Fig. 4C).
Additionally, the decline in the number of myotubes
per field (Fig. 4D) suggests creatine may also promote
myotube–myotube fusion during these later times.
Taken together, creatine enhances myonuclear addition
to nascent myotubes independent of either myoblast
proliferation or differentiation.

CK activity is necessary for creatine-mediated
myonuclear addition

PCr enhances ATP repletion in a CK-dependent manner
in multiple cells with high-energy demands including
neurons, skeletal muscle and spermatozoa (Wyss &
Kaddurah-Daouk, 2000). To determine if CK plays a
role in myonuclear addition, myoblasts were transduced
with siRNA for CKB and CKM and differentiated into
myotubes. As functional redundancy exists between CKB
and CKM (Renema et al. 2007), we targeted both isoforms
of CK, decreasing enzymatic activity by 70% (Fig. 5A).
In the absence of creatine no difference was observed
in the average number of nuclei per myotube in cells
expressing either control siRNA or siRNA for CKB and

Figure 4. Creatine enhances myoblast fusion independent of
proliferation or differentiation
Myoblasts were differentiated in the presence and absence of 75 mM

creatine (CRT) for either 24 or 48 h and subsequently immunostained
for eMyHC. A, no significant difference in the total number of nuclei
per field occurred with creatine treatment. B, creatine did not effect
the percentage of nuclei in eMyHC+ cells at 24 h. C, the fusion index
was significantly increased in cells treated with creatine for 48 h.
D, the number of myotubes per field was significantly decreased
following 48 h of creatine treatment. Data are means ± S.E.M. from
three independent experiments. (∗P < 0.05.)
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CKM (Fig. 5B and C), suggesting residual CK activity may
be sufficient for myoblast differentiation and myotube
formation. However, in the presence of creatine,
myonuclear addition was diminished on average by 27%
in cells containing siRNA against CKB and CKM (Fig. 5C).
These data demonstrate that creatine-induced myonuclear
addition to nascent myotubes is partially dependent upon
CK activity.

CKB becomes highly localized during muscle
differentiation

We hypothesized that CK may be localized in
differentiating/fusing muscle cells at potential sites of
high ATP turnover. CKB in particular has been shown
to relay signals to the cytoskeleton (Mahajan et al.
2000), and thus, to determine the localization of CK-BB
during differentiation and fusion, immunocytochemistry
was performed at different times during myogenesis
(Fig. 6). After 12 h in DM, CK-BB was relatively evenly
distributed throughout the cell cytoplasm, whereas at
24 h when myoblasts were beginning to fuse, CK-BB
became more localized. At 36 and 48 h in DM as myoblast
fusion progressed and mature myotubes formed, CK-BB
became prominently localized to the ends of myotubes
(arrowheads). The progression of CK-BB polarization
during myogenesis suggests that CKB might be playing a
role in the cytoskeletal rearrangements required for fusion
and is consistent with the hypothesis that PCr provides
energy for the actin-mediated fusion process.

Myotube growth requires creatine during the initial
24 h of myogenesis

Due to the observed affects of creatine on cell fusion
only after 48 h of myogenesis (Fig. 4), we hypothesized
that PCr accumulates early in myogenesis and may act
as a spatiotemporal energy buffer supplying ATP in later
stages. Experiments were performed varying the timing
of creatine addition during differentiation. Creatine
treatment greatly increased myonuclear addition over 48 h
(Fig. 7A), but supplementing muscle cultures with creatine
during 24–48 h of myogenesis did not enhance fusion. In
contrast, the presence of creatine during the initial 24 h of
myogenesis was both necessary and sufficient for enhanced
fusion during later stages of myogenesis also (Fig. 7A).

Secreted proteins such as growth hormone
(Sotiropoulos et al. 2006), IGF-1 (Jacquemin et al.
2004) and the cytokines IL-4 and IL-13 (Horsley et al.
2003; Jacquemin et al. 2007) all contribute to myonuclear
addition to nascent myotubes. To determine if secreted
factors are induced in a creatine-dependent manner and
may contribute to its growth-inducing affects, medium
was collected from differentiating myoblasts treated with

creatine for the initial 24 h of myogenesis and substituted
for DM in parallel fusing cultures completing the final
24 h of myogenesis. Conditioned medium (CM) did not
increase myonuclear addition demonstrating that creatine

Figure 5. Creatine enhances myonuclear addition through a
CK-dependent mechanism
A, myoblasts containing siRNA for CKB and CKM or a control siRNA
were differentiated for 42–46 h. Myotube lysates were analysed for
creatine kinase (CK) activity. Data are means from two independent
experiments. B, representative images of siRNA containing cells
following differentiation for 48 h in the absence (–CRT) and presence
of 12.5 mM creatine (+CRT) are shown. Bar: 100 μm. C, following
creatine treatment myonuclear number was decreased in cells
containing siRNA for CK. Data are means ± S.E.M. from three
independent experiments.
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did not induce the secretion of a stable soluble factor
that acts during the second phase of myoblast fusion
(Fig. 7A).

Pretreating proliferating myoblasts with creatine
enhances myonuclear addition during differentiation
in the absence of creatine

To analyse further if creatine is a spatiotemporal energy
buffer, we treated proliferating myoblasts over two
consecutive days with 12.5 mm creatine and subsequently
differentiated them for 48 h in the absence of creatine. The
addition of creatine to proliferating myoblasts promoted
myonuclear addition during myoblast differentiation
without any exogenous creatine (Fig. 7B and C). As
myoblasts express the creatine transporter (data not
shown) these data are consistent with an accumulation

Figure 6. CK-BB becomes highly localized as myoblast differentiation and fusion progresses
Representative images obtained from myoblasts differentiated for 12, 24, 36 and 48 h and immunostained with
a CK-BB antibody. The nuclei were visualized with DAPI. After 12 h in DM, CK-BB was fairly regularly distributed
throughout the cytoplasm but became prominently localized to the ends of myotubes after 36–48 h (arrowheads).
Bar = 40 μm.

of PCr in myogenic progenitor cells promoting enhanced
fusion events during later stages of myogenesis.

Creatine increases growth of regenerating myofibres
in vivo

Skeletal muscle regeneration is dependent upon a local
source of myogenic stem cells that fuse together to form
nascent myofibres in a temporally regulated manner.
Satellite cells undergo an ordered progression involving
release from quiescence, proliferation, expression of
muscle-specific genes and finally fusion together to form
terminally differentiated myofibres. Based on our in vitro
results, we hypothesized that enhancing localized stores of
creatine in differentiating myoblasts in vivo would enhance
skeletal muscle repair following injury. To determine
if exogenous creatine promotes muscle regeneration,
we injured the tibialis anterior muscles of mice by

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



J Physiol 586.12 Phosphocreatine regulates cell fusion 2849

Figure 7. Pretreating proliferating myoblasts with creatine
increases myonuclear addition to nascent myotubes
A, myoblasts were differentiated for 48 h in the presence or absence
(C) of 75 mM creatine in DM. 0–48: cells received creatine throughout
myogenesis. 0–24: cells received creatine during the first 24 h of
differentiation only. This medium was subsequently replaced with DM
for the later 24 h of myogenesis. 24–48: these cells received DM for
the initial 24 h of differentiation. These cells were supplemented with
75 mM creatine without a media change from 24 to 48 h. CM: cells
received DM for the initial 24 h of differentiation. This was replaced
with conditioned medium (CM) collected from a parallel dish of
differentiating myoblasts treated with creatine during the initial 24 h
of myogenesis. Data are means ± S.E.M. from three independent
experiments. (∗P < 0.05 relative to control.) No statistical difference
was observed between 0–24 h and 0–48 h of creatine treatment.
B, proliferating myoblasts were cultured in GM containing 12.5 mM

creatine for 2 days and then switched to DM in the absence of
creatine for 48 h. Myonuclear number was significantly increased in
cells that received creatine prior to the induction of differentiation.
Data are means ± S.E.M. from three independent experiments.

intramuscular injection of BaCl2 and then locally injected
either 50 μl vehicle or 70 mm creatine into the injured
muscles on the following two days, a time of extensive
myoblast proliferation. The XSA of regenerating
myofibres was enhanced 20% in muscles injected with
creatine (Fig. 7D) 5 days following injury. Collectively,
these findings suggest that the accumulation of a
spatiotemporal energy buffer in myoblasts enhances later
stages of muscle growth both in vitro and in vivo.

Discussion

We uncovered a role for PCr as a spatiotemporal
energy buffer during myoblast fusion independent from
contractile activity suggesting that myogenesis is a high-
energy process. Creatine selectively enhanced myonuclear
addition to nascent myotubes suggesting the energy cost
of cell fusion with multinucleated myotubes may be higher
than the fusion of two mononucleated cells. Our data
support a model in which the PCr/CK energy system
sustains localized ATP-dependent reactions during actin
polymerization in myoblast fusion (Fig. 8).

Our findings are complemented by multiple studies
demonstrating increasing energy demands during
myogenesis (Den et al. 1975; Plaghki & Marechal,
1976; Fulco et al. 2003). Although energy is supplied
through the cooperative interplay of multiple systems, the
accumulation of PCr in proliferating and differentiating
cultures may facilitate maximal rates of ATP replenishment
during myoblast fusion. While the oxidation of glucose
may provide energy for myoblast fusion, anerobic
glycolysis promotes intracellular acidification through
proton accumulation. This may be detrimental to proteins
actively engaging in the fusion process. Thus, fusing
myoblast cultures may be predisposed to PCr hydrolysis
during signal transduction in myogenesis. Furthermore,
during muscle regeneration, a reduction in localized
oxygen tension and pH favour the enzyme kinetics of
creatine kinase-mediated ATP repletion.

Creatine enhances myonuclear addition
in a CK-dependent manner

Creatine increased myoblast fusion in a CK-dependent
manner indicating that PCr hydrolysis is necessary
for myonuclear addition. Interestingly, partial (70%)
inhibition of CK activity had no effect on myoblast fusion
in the absence of creatine treatment. As ATP is replenished

(∗P < 0.05 relative to control.) C, representative images of cells
pretreated with creatine as myoblasts (Mb) are shown. Bar: 100 μm.
D, the XSA of regenerating TA myofibres 5 days following injury was
increased in creatine-treated mice. Values are means ± S.E.M., n = 9
per treatment group.
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from the interplay of multiple enzymatic activities,
functional redundancy between glycolytic, oxidative and
phosphagen-directed energy sources may occur. An
alternative explanation for not observing an effect of CK
siRNA on basal levels of myoblast fusion is that residual
CK activity is sufficient for the terminal differentiation
of myoblasts into myotubes. More thorough inhibition
of CK could inhibit myoblast fusion during basal
myogenesis. Of caution is the observation that addition
of cyclocreatine, a competitive inhibitor of CK enzymes,
to myoblasts at the time of switching cells to DM
severely decreased differentiation and, consequently,
myotube formation (data not shown). The effect of cyclo-
creatine may be explained by a requirement for CK/PCr in
terminal differentiation during myogenesis. Thus, more
efficient siRNA-mediated knockdown of CK may block
differentiation and not allow studies of downstream
myoblast fusion events.

Generation of null mice for the four cytosolic and
mitochondrial CK isoforms has revealed much about the
role of specific isoforms in skeletal muscle contractile
function and brain physiology (Renema et al. 2007) but
key experiments on myoblast differentiation and fusion
in CKB and CKM null mice have not been performed to
date. Potentially confounding analyses of myoblast fusion
in these mice is the functional equivalence of CKB and
CKM isoforms in vivo (Renema et al. 2007). However,
generation of mice deficient in both CKB and CKM has
not been reported and in fact, these mice may not be

Figure 8. Working model for enhanced myonuclear addition
following creatine treatment
Similar to other cells, creatine is transported into muscle cells through
the creatine transporter (CreaT). Subsequently, creatine is converted to
PCr by mitochondrial and cytosolic CK. We propose that PCr diffuses
to sites of high-energy demands where it acts as a spatiotemporal
energy buffer during myoblast fusion. PCr hydrolysis by local CKB or
CKM provides dynamic bursts of energy during actin cytoskeletal
rearrangements associated with the fusion of myoblasts to nascent
myotubes.

viable given the number of tissues that express these
two isoforms (Wyss & Kaddurah-Daouk, 2000). Muscle
mass is decreased in CKM null mice (Momken et al.
2005) but whether this decrease is an indirect result of
their impaired exercise tolerance (Momken et al. 2005)
or tendency towards decreases in basal activity during
the dark cycle (Steeghs et al. 1998) is unknown. Other
studies demonstrating recriprocal relationships between
intramuscular PCr content and myofibre cross-sectional
area (Wyss & Kaddurah-Daouk, 2000) also suffer from the
inability to separate out effects on muscle growth due to
changes in muscle use.

Actin rearrangements are energy dependent

The ability of Lat B to prevent myonuclear addition
following creatine treatment (Fig. 2) suggests that
actin dynamics are coupled to PCr hydrolysis during
myogenesis. The molecular events regulating actin
polymerization have been well defined in multiple cell
types with a critical involvement of ATP. Both the addition
of actin monomers to the growing ends of filaments and
the dissociation of monomers at the tail end require ATP
hydrolysis. Thus, our findings support a role for PCr as a
localized energy buffer for actin cytoskeleton remodelling
during myonuclear addition.

Actin rearrangements and myogenesis

Actin polymerization is critical for myoblast fusion in
Drosophila (Kim et al. 2007; Massarwa et al. 2007;
Richardson et al. 2007). Several cellular processes
that occur during myogenesis are dependent on actin
arrangements and could be enhanced by PCr hydrolysis.
Muscle cell fusion requires cell migration and cell–cell
contact; actin rearrangements figure prominently in cell
migration (Pollard & Borisy, 2003). However, enhancing
stores of PCr during myoblast differentiation had no effect
on myoblast motility (Fig. 3). In Drosophila myogenesis
the requirement for actin polymerization is confined to
the fusion of myoblasts with nascent myotubes (Kim
et al. 2007; Massarwa et al. 2007). This is the same
stage of myoblast fusion that was enhanced by creatine
treatment in our studies with primary mouse myoblasts.
In Drosophila, multinucleated muscle cells are formed by
the fusion of two distinct myoblast populations (Chen
& Olson, 2004). Microscopic analyses revealed actin-rich
foci localized to sites of contact between both founder
cells and fusion-competent myoblasts(Kim et al. 2007;
Richardson et al. 2007). The recruitment of multiple
actin nucleation promoting factors including rolling
pebbles (rols), kette, WASp and Wip to sites of cell–cell
contact is indispensable to the fusion process (Chen
et al. 2007). Loss of function mutations in any one of
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these proteins selectively inhibits the second phase of
fusion. Although cell migration, recognition, adhesion
and membrane fusion are involved in the fusion of
founder myoblasts with fusion-competent myoblasts, the
role of nucleation-promoting factors is limited to fusion
of nascent myotubes with fusion-competent myoblasts for
unknown reasons.

Potential roles for PCr besides actin rearrangements

Although we demonstrate that actin is required for
creatine-mediated effects on cell fusion, additional
mechanisms may also be involved. Multiple chromatin-
remodelling enzymes regulate myogenic gene expression
in an ATP-dependent manner. For example, sirtuins are
a class of ATP-sensitive histone deacetylases involved in
myogenic gene repression (Fulco et al. 2003). In addition,
SWI/SNF complexes are chromatin-remodelling ATPases
required for myoblast differentiation (Ohkawa et al. 2007).
Other putative targets for PCr include signalling kinases.
Protein kinases relay signals from the membrane to the
nucleus through sequential phosphorylation of down-
stream effectors using ATP as a phosphate donor. Elevating
PCr stores may also direct myonuclear addition through
alterations in transcriptional activation and repression or
protein kinase activity.

Implications of PCr for regulation of satellite
cell dynamics

Muscle regeneration in vivo results from the fusion
of satellite cells to form new myofibres. As 95% of
all physiologicalal creatine is contained within skeletal
muscle (30–40 mm) (Snow & Murphy, 2001) sarcolemmal
disruption may promote the release and diffusion of
PCr into the satellite cell niche. Since creatine regulates
myoblast fusion with nascent myotubes in vitro, the
release of intramuscular creatine during injury may lead
to an increase in PCr in satellite cells during regeneration
and promote satellite cell fusion with newly forming
myofibres in vivo. Creatine may also promote muscle
regeneration through additional mechanisms including
enhanced satellite cell proliferation (Dangott et al. 2000;
Olsen et al. 2006) and/or survival (Passaquin et al.
2002). Thus, creatine may contribute to the observed
enhancement of muscle growth during regeneration both
by increasing the number of satellite cells and by enhancing
cell fusion.

Therapeutic uses of creatine supplementation

Oral creatine supplementation is popular among athletes
as it increases the levels of force production during high
intensity exercise of limited duration (Brosnan & Brosnan,

2007). In addition, creatine supplementation can increase
muscle mass particularly when combined with resistance
exercise (Branch, 2003; Olsen et al. 2006). The cellular
and molecular mechanisms responsible for enhanced
performance and muscle growth are under investigation.
Creatine supplementation is also associated with enhanced
muscle growth in several pathological situations. For
example, oral creatine can enhance the growth of atrophied
myofibres following muscle unloading (Hespel et al. 2001).
Creatine supplementation also demonstrated a beneficial
role in Duchenne muscular dystrophy, a degenerative
neuromuscular disease characterized by persistent muscle
degeneration and regeneration (Pearlman & Fielding,
2006). Our results suggest that creatine supplementation
may lead to changes in muscle composition in part by
enhancing the fusion of satellite cells. In addition, oral
creatine may also be beneficial in rehabilitation from
muscle injuries induced by intense exercise, surgery or
trauma.

The ability to increase PCr in proliferating myoblasts
and then enhance myoblast fusion during later stages
of myogenesis in the absence of creatine (Fig. 7) has
important implications for muscle stem cell biology.
Creatine may enhance the therapeutic potential of
transplanted stem cells in muscular dystrophy as the
efficacy of treatment is often limited by poor cell
engraftment within the host tissue. Treatment of an
exogenous population of stem cells with creatine may
enhance fusion of these muscle precursor cells with the
host myofibre following transplantation. Furthermore, as
creatine is normally absent from standard culture media
our findings raise important questions – Are current
in vitro conditions suboptimal for studies of myoblast
fusion? Are differentiating myoblast cultures energetically
hindered? While much insight has been gleaned from
studies of myoblast fusion in vitro to date, our findings may
accelerate future progress by accurately complementing
the experimental and physiological environments.

Summary

In summary, we identified a novel role for PCr in
mammalian myoblast fusion. Our work suggests localized
ATP-dependent reactions are necessary for cytoskeletal
dynamics during myoblast fusion and the PCr/creatine
kinase system is coupled to actin polymerization during
myogenesis. Increasingly, the importance of localized PCr
within multiple cell types to supply energy for specific
cellular responses is being recognized (Mahajan et al. 2000;
Burklen et al. 2007). Future work will be directed toward
identifying and characterizing putative binding partners
of CKB and CKM during myoblast fusion. Such studies
will shed further light on the mechanisms regulating
myoblast fusion, a process crucial for muscle growth and
regeneration.
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