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1. Introduction

Acupuncture therapy is utilized to cure many diseases and to maintain health. We have
been studying the molecular mechanism of acupuncture and obtained its  molecular evi‐
dence [1-4]. The World Health Organization has listed more than 40 indications for acu‐
puncture  [5],  and  the  National  Institutes  of  Health  (NIH)  has  accepted  the  validity  of
acupuncture treatment [6,7]. One of the popular uses of acupuncture treatment is to treat
muscle exhaustion, including stiff shoulders. Major acupuncture techniques involve pene‐
tration  of  the  skin  by  thin,  solid  metallic  needles,  which  are  manipulated  manually  or
are stimulated electrically. The efficacy of such muscle therapy is attributed to the over‐
proliferation of muscle cells induced by the damage of muscle in response to the needle
penetration.  We recently reported that myostatin gene expression is  suppressed by elec‐
troacupuncture (EA) [1].

However, we cannot exclude the possibility of infection for use of acupuncture, and thus a
noncontact method without using needles is needed. Furthermore the laser treatment has a
potential for high-throughput therapy. When an intense femtosecond laser is focused on bi‐
ological tissue, laser ablation is induced at the laser focal spot. Since the main component of
the tissue is water, the initiation process occurs with the mutual interaction between water
molecules and the femtosecond laser pulse. In comparison with picosecond or nanosecond
laser irradiation, the excitation energy of water molecules after the femtosecond laser irradi‐
ation is effectively converted to energy to generate shock and stress waves [8,9]. This means
simultaneously that heat generation at the laser focal spot is suppressed because of effective
energy conversion to these kinetic waves [10]. As a result, when the femtosecond laser is fo‐
cused on the tissue with suitable irradiation conditions, we can expect that the tissue will be
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stimulated mechanically, rather than thermally, by the photomechanical ablation. In previ‐
ous studies we realized several single-cell manipulation techniques using shock and stress
waves under a microscope, including noncontact detachment of an animal cell from its cul‐
tured substrate [11,12], control of cell multiplication [13], and estimation of intercellular ad‐
hesion strength [14,15]. These techniques can be utilized not only for single cells but also for
tissues and organs of living animal. As one of the promising approach, our attention is di‐
rected to acupuncture treatment.

In this study, we focused a femtosecond laser (FL) on the skin of the hind leg muscles of
living mice and investigated the clinical influence of the common acupuncture (ACP) on
muscle disease via histological examination and expression analysis of the gene encoding
myostatin [16]. In the histological examination, we observed damage of the skeletal muscle
due to the femtosecond laser irradiation. We then used real-time PCR to estimate the gene
expression and western blotting to estimate the protein translation of myostatin in the skele‐
tal muscle after the laser irradiation. Myostatin is a growth repressor in muscle satellite cells
[17]. The suppression of myostatin gene expression and protein translation indicates the fa‐
cilitation of muscle cell proliferation. In comparison with the common acupuncture treat‐
ment, we recognized the potential of the femtosecond laser as a tool for the acupuncture.

2. Materials and methods

2.1. Laser stimili

The experimental setup for the femtosecond laser (FL) is shown in Figure 1. Eight-week-old
inbred strain C57BL/6 male mice were purchased from Japan SLC, Inc., Tokyo, Japan. After
anesthesia treatment for the mice, hairs of the hind legs were saved and then mounted on an
XY motorized stage (Sigma Koki, BIOS-215T). A femtosecond laser pulse train from a regen‐
eratively amplified femtosecond laser system (Spectra Physics, Hurricane, 800 nm, 150 fs)
was focused on the top of the hind leg through a quartz convex lens with a focus length of
150 mm. The laser irradiation was controlled by a mechanical shutter positioned in front of
the laser system. The three-dimensional position of the laser focal spot was guided by a
HeNe laser, with beams divided into two lines introduced on the focal spot from different
directions. The laser focal spot was changed on the 1.5-cm-square area on the hind leg point
to point with the XY motorized stage. The irradiation area was a little larger than the hind
leg. The interval between the focal spots was set to 1 mm, and thus the laser irradiation was
performed at 256 (16x16) points on the surface of the hind leg. Although the sample position
fluctuated along the optical axis with a precision of a few millimeters, the focal spot size re‐
mained almost the same throughout the irradiation because the fluctuation is much smaller
than the focus length of the focus lens (150 mm). By this manipulation, the laser irradiated
almost the entire area of the hind leg. For each laser focal spot, a single- or 1000-shot laser
pulse irradiated the target. For single-shot laser irradiation, a single-shot pulse was extract‐
ed from the pulse train at a repetition rate of 20 Hz by the mechanical shutter with a gate
time of 50 ms. The 1000-shot laser pulse irradiation was performed by focusing the pulse
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train at a rate of 1 kHz for 1 sec. The laser pulse energy was tuned to 300 mJ/pulse by a half-
wave plate and polarizer.

Figure 1. Experimental setup for femtosecond laser acupuncture.

After the laser stimulation, mice were treated for biological analyses to describe in the fol‐
lowing sections. All mice in this research project were treated according to the Standards Re‐
lating to the Care and Management of Experimental Animals (Ministry of the Environment,
Tokyo, Japan) [18]. This study was approved by the Committee for Safe Handling of Living
Modified Organisms at Nara Institute of Science and Technology (permission number 1132)
and Kobe University (permission number 17-21) and was carried out according to the guide‐
lines of the committee.

2.2. Histochemical analysis

Tissue samples after the laser irradiation were fixed in 10% neutral buffered formalin and
embedded in paraffin. Paraffin sections (3 mm thick) were stained with hematoxylin and eo‐
sin (H&E) as described previously [1,19].

2.3. Creatine kinase analysis

Blood samples were collected from mice after 3 hours of the laser irradiation. Creatine kin‐
ase (CK) assay was measured according to the manufacturer’s instructions (L-Type CK kit,
Wako Pure Chemical Industries, Japan) [20]. CK activity was determined by using a Hitachi
autoanalyzer 7180 (Hitachi, Japan). The number of mice for each group in CK analysis was
as follows: 9 for control, 11 for FL, 6 for ACP.
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2.4. Real-time PCR analysis

To examine myostatin gene expression, total RNA was extracted from triceps surae muscle.
Total RNA (5-μg samples) was reverse-transcribed into cDNA by using SuperScript RT (Su‐
perScript First-Strand Synthesis System; Life Technologies, Gaithersburg, MD), according to
the company’s instructions. Expression levels were compared by using real-time quantita‐
tive RT-PCR analysis with gene-specific primers as follows: myostatin: sense: 5'-GA‐
CAAAACACGAGGTACTCC-3'; antisense: 5'-GATTCAGCCCATCTTCTCC-3'. Real-time
PCR was performed by using Power SYBR Green PCR Master Mix and StepOne (Applied
Biosystems, Foster City, CA), according to the manufacturer’s instructions. The reaction
mixture consisted of 2 ml of SYBR Green, 4 ml of cDNA, and each primer at 5 pmol, plus
water to a final volume of 20 ml. The PCR conditions were 95°C for 10 min followed by 50
cycles for 95°C for 15 s, 60°C for 60 s, and then 95°C for 15 s, 60°C for 60 s, and 95°C for 15 s.
Internal control gene for this research was glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) [21,22]. The values of each group were expressed relative to those obtained for the
control. The number of mice for each group in this analysis was as follows: 4 for control, 5
for FL, 6 for ACP.

2.5. Western blotting analysis

The triceps surae muscles were homogenized in PhosphoSafe reagent (Novagen, Madison,
WI) supplemented with a protease inhibitor cocktail tablet (Roche, Indianapolis, IN). After
centrifugation at 12,000 g for 25 min, the supernatant was frozen until use. Protein concen‐
tration was determined with Micro BCA Protein Assay Kit (Pierce, Rockford, IL) using bo‐
vine serum albumin as standard. For western blotting analysis, protein samples were
resolved by SDS-PAGE and blotted on PVDF (Amersham, Piscataway, NJ). The primary anti‐
bodies used in this study were polyclonal anti myostatin antibody (Millipore, Billerica, MA)
and α-tubulin loading control (Abcam, Cambridge, MA) [23]. The secondary antibody was a
goat anti-rabbit IgG horseradish peroxidase (HRP) conjugate (Cell Signaling Technology,
Danvers, MA). Immunoreactive bands were visualized with Pierce ECL Plus Western Blot‐
ting Substrate (Thermo Scientific, Rockford, IL) for α-tubulin, ECL Prime Western Blotting
Detection System (GE Healthcare Life Sciences, Uppsala, Sweden) for myostatin. All blots
were scanned, and the bands were analyzed with ImageJ software (http://rsbweb.nih.gov/
ij/). The band densities were expressed relative to those obtained for the control. The num‐
ber of mice for each group in this analysis was as follows: 5 for control, 6 for FL.

2.6. Statistical analysis

For CK and real-time PCR analyses, we used one-way ANOVA, followed by Tukey’s post-
hoc test. Data of western blotting were compared using unpaired Student’s t-test. Data for
and real-time PCR and western blotting were given as relative value to control with the data
divided by the average value of control for normalization. The relative gene and protein lev‐
els of myostatin were calculated by means of comparison with the geometric mean of the
translation of the internal control gene (GAPDH) and protein (α-tublin), respectively. For all
statistical analyses, maximum and minimum values are excluded from each group. All data
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were presented as means ± SD. P values of < 0.05 were considered statistically significant
and the level of significance are expressed as follows in each figure: **, P < 0.01; ***, P <
0.001; NS, not significant.

Figure 2. Histological microphotograph of the epidermis and dermis after single-shot irradiation with 300 uJ/pulse.
The arrow indicates the direction of laser irradiation. The area within the dashed line was denatured by the laser irra‐
diation. The skeletal muscle beneath the dermis was analyzed by real time-PCR and western blotting.

Figure 3. The serum creatine kinase after the femtosecond laser irradiation (FL) and common acupuncture stimuli
(ACP).
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3. Results and discussion

Figure 2b shows a representative histological microphotograph of epidermis and dermis
with irradiation by a single-shot laser pulse with energy of 300 mJ/pulse. The microphoto‐
graph is a cross-section of a hind leg at a laser focal spot. The pulse energy was about 15
times larger than the ablation threshold (20 mJ/pulse). The diameter of the laser focal spot
was about 30 μm, and we estimated the laser fluence and peak power density of the ablation
threshold to be 0.7 J/cm2 and 4.7x1012 W/cm2, respectively. This is in rough agreement with
the laser irradiation conditions reported as a threshold of the optical breakdown [8]. Under
such conditions, the deposited laser energy is efficiently converted to shock and stress
waves and propagates around the laser focal spot, as noted in the introduction. Along the
axis of the laser irradiation and its surrounding area, the typical morphological pattern of
the tissue was lost, indicating damage of the tissue. The diameter and depth of the damaged
area were approximately 400 and 1100 μm, respectively (the area within the dashed line in
(b)). Based on the depth, we estimated the absorption coefficient to be 10 cm-1, which is relia‐
ble as an optical absorption property at 800 nm [9], though the absorption coefficient fluctu‐
ates greatly with the concentrations of melanin and hemoglobin. The diameter was larger
than that of the laser focal spot size (about 30 μm), which means that the physical and/or
physiological effects by the laser irradiation propagate from the area with the direct laser ir‐
radiation. Since a typical histological pattern due to heat denaturation was not observed in
the damaged area, the damage was mainly induced by the photomechanical ablation. These
results agree with those of previous studies [8,9]. Note that damage by the laser irradiation
was not observed in the skeletal muscle (Figure 2a).

We evaluated the effects of laser on creatine kinase (CK) activity, because high level of CK
means muscle damage [24]. Figure 3 indicates that the femtosecond laser irradiation (FL)
dose not make injury in the muscle in contrast to ACP.

To reveal the muscle cell proliferation, the gene expression pattern of myostatin and
GAPDH of the skeletal muscle after the laser irradiation was analyzed. The analysis was
performed only for the skeletal muscle, from which epidermis and dermis were extracted.
The expression of GAPDH, which is a kind of dehydrogenase, is not modulated by the envi‐
ronment surrounding changes in the tissue, the expression pattern was simultaneously
monitored as an internal control of the gene expression of myostatin. Based on the ratio of
the signal intensity of the pattern of myostatin to that of GAPDH, we can evaluate the gene
expression of myostatin. Similarly, based on the ratio of the signal intensity of the pattern of
myostatin to that of α-tublin, we can evaluate the protein translation of myostatin because
the translation of α-tublin is stable in muscle.

Figure 4 shows the ratios after the femtosecond laser irradiation (FL) and common Acu‐
puncture stimuli (ACP), which were normalized by the ratio of mouse hind leg muscle with‐
out laser irradiation (Control). An obvious suppression of myostatin gene expression was
observed in case of laser irradiation and acupuncture. In addition, Figure 5 shows the myo‐
statin translational ratios after the femtosecond laser irradiation (FL), which were normal‐
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ized by the ratio of mouse hind leg muscle without laser irradiation (Control). An obvious
suppression of myostatin protein translation was observed in case of laser irradiation, too.

In the ACP treatment, skeletal muscles of the hind leg were directly stimulated by punc‐
tured. On the other hand, although the stimulation by the femtosecond laser irradiation was
limited to the epidermis and dermis, as shown in Figure 2, suppression of the myostatin
gene and protein were observed for the bulk of the skeletal muscle (Figures 4 and 5). As
mentioned in the introduction, the photon energy absorbed by the tissue is considered to be
effectively converted to energy to generate shock and stress waves [8-10]. This fact suggests
that the skeletal muscle is stimulated by the propagation of shock and stress waves though
the laser irradiation to the epidermis and dermis. This mechanical stimulation of the muscle
facilitates muscle cell proliferation. Such shock and stress waves are generated by picosec‐
ond or nanosecond laser irradiation. However, because a great deal of photon energy is re‐
quired for the generation in these cases, not only the epidermis and dermis but also skeletal
muscle would have critical damage.

Figure 4. Real time-PCR analysis of myostatin gene expression after the femtosecond laser irradiation (FL) and com‐
mon acupuncture stimuli (ACP). Relative transcript levels of myostatin were normalized with the signal intensity of the
control. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.
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Figure 5. Western blotting analysis of myostatin translation under the femtosecond laser irradiation (FL) and common
acupuncture (ACP). Relative protein levels of myostatin were normalized with the signal intensity of the control, and
α-tublin was used as an internal control.

4. Conclusion

Photomechanical ablation due to femtosecond laser irradiation was induced on hind leg
muscles of living mice. Although the epidermis and dermis were denatured by the laser ir‐
radiation, a direct influence due to the laser irradiation was not observed in the skeletal
muscle beneath the dermis. The gene expression of myostatin of the skeletal muscle after the
laser irradiation was evaluated by real time-PCR and western blotting, and obvious sup‐
pression of the myostatin were identified in the bulk of hind leg muscle. The suppression,
meaning the facilitation of muscle cell proliferation, was comparable to or greater than that
of the skeletal muscle after EA treatment, which is a conventional acupuncture technique.
On the basis of these results, we recognize the potential of the femtosecond laser as a tool for
noncontact acupuncture for the treatment of muscle disease. Since our FL technique does
not require the use of needles, such infection can be avoided. Furthermore, because it is pos‐
sible to scan the skin with the laser beam using an electric optical device such as a Galvano-
mirror and acoustic-optical modulator, high-throughput, multipoint stimulation of muscle
can be realized. We expect the present results will underscore the continuing potential of
treatment by acupuncture.
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