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Abstract 
Skeletal muscle injury stimulates normally quiescent resident satellite (stem) cells to re-enter the 
cell cycle and execute the myogenic program to restore muscle structure and function. Previously, 
we reported that manual acupuncture needling of the tibialis anterior (TA) (ST36 = Zusanli) mus-
cle of young male rats produced focal injury and morphological changes that accompanied the 
presence of activated satellite cells (SC) 72 hours post-needling. To investigate whether aging TA 
muscle responds in a similar fashion to acupuncture needling, 17-month-old female rats were 
subjected to a single insertion and manual manipulation of an acupuncture needle. At 72 hours’ 
post-needling, hematoxylin staining of the TA revealed increased mononuclear cell infiltration 
that was indicative of localized injury. Moreover, this was accompanied by a four-fold increase in 
the expression of proliferating cell nuclear antigen within cells of needled tissues. Heightened 
immunofluorescence for MyoD was found within SC in the needled muscle, which correlated with a 
6- and 10-fold increase in two MyoD isoforms (~38 and 42 kDa, respectively), when analyzed by 
Western blotting. An additional 56 kDa MyoD immunoreactive species was observed in both 
needled and control muscle of the aging rats. The present study in pre-senile female rats, in con-
junction with our previous study in young male rats, suggests that muscle remodeling and re-
structuring after injury may constitute the initial cellular and molecular mechanisms that under-
lie the benefits associated with acupuncture throughout the life-span. 
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1. Introduction 
Skeletal muscle contains specialized somatic stem cells that are termed satellite cells (SC) because of their loca-
tion on the periphery of myofibers under the surrounding basal lamina [1] [2]. These resident satellite cells are 
responsible for muscle growth and repair after injury throughout the life span [3]. In normal undisturbed muscle, 
these cells remain in a quiescent stage [4]. After muscle injury, satellite cells become mitotically active. The tran- 
scription factor MyoD is essential for promoting gene expression that regulates proliferation, differentiation and 
the regeneration of new muscle fiber [3]-[6]. The activated phenotype is defined by the presence of MyoD [7].  

Satellite cell activation, which is necessary for muscle regeneration, has been analyzed using experimental 
models that induce injury by crushing [4], or injection of notexin [8] [9]. These methods are, however, invasive 
and/or prohibited in therapeutic settings, and may produce extensive damage to elements within muscle that are 
crucial for regeneration [10]. In contrast, muscle injury as a consequence of exercise can also activate satellite 
cell proliferation in both humans and laboratory animals [11] [12]. There is an increasing acceptance of acu- 
puncture as a treatment modality for a variety of muscle-related illnesses [13], and acupuncture needling has 
been shown to provide clinically relevant short- and long-term benefits for low back pain, osteoarthritis, rheu-
matoid arthritis, chronic neck pain, myofacial pain syndrome, and headache [14] [15]. In Chinese medicine, 
disease is understood as a consequence of an imbalance in energy flow within 12 channels, or meridians, 
throughout the body [16], and acupuncture needling is thought to restore healthy energy balance [17]. While da-
ta from clinical and experimental studies indicated participation of both the central and peripheral nervous sys-
tems, and the involvement of psychological and physiological responses [18], the exact mechanism of action for 
acupuncture’s efficacy has not been elucidated. We previously hypothesized that therapeutic potential of acu-
puncture was linked to regenerative processes that follow muscle injury induced by needle manipulation, and 
demonstrated that acupuncture needling of the tibialis anterior (TA) muscle in young male rats produced focal 
muscle damage that was accompanied by the presence of activated satellite cells [19]. In contrast to the regener-
ative potential seen in young muscle, the general consensus is that with increasing age there is a decline in ske-
letal muscle’s response to injury. Although satellite cells exist in muscle from birth through senescence [20], 
their repair capacity [21]-[23], the regenerative potential of satellite cells [24]-[26], and aspects of the regenera-
tive response are impaired in aging muscle [27].  

This reduced regenerative capacity of aging muscle has been partially attributed to decreases in the number of 
available satellite cells [28]-[30]. While most studies, especially those in rodent, suggest a gradual decline in SC 
number with increasing age [28]-[34], there are inconsistencies. Similar numbers of SC have been reported be-
tween the young and old in both humans and animals [22] [35]-[38]; in addition, relative increases in SC num-
bers have also been observed with aging [24] [39].  

There is debate with respect to the functional significance of any change in the number of SCs with increasing 
age [27]. A reduction in SC number in aged muscle does not appear to affect regeneration or repair, provided 
that a critical minimum population is present [25] [40] [41]. It is hypothesized that the loss of regenerative po-
tential and generalized atrophy of aged skeletal muscle may be a consequence of an age-related loss of satellite 
cell function [24] [36]. This loss of functionality may reflect alterations in SC-intrinsic properties, such as ero-
sion of telomere sequences and accumulation of DNA damage [29] [41], diminished responsiveness to intrinsic 
cues in the niché environment [22] [42], or a decreased responsiveness to systemic signals that govern remode-
ling and regeneration [24] [27] [41] [43]-[46]. Indeed, the proliferative and regenerative capacities of SC in 
muscle from old mice are restored after exposure to serum from young mice, or transplantation of aging mouse 
muscle to a young host [21] [34] [39] [47]-[49]. These observations support the hypothesis that in aging muscle 
a subset of satellite cells maintains myogenic stem cell properties. Therefore, the purpose of the present study 
was to assess the effect of manual acupuncture needling on aging tibialis anterior (TA) skeletal muscle by: 1) 
determining if manual needling produced localized injury to the muscle, and 2) assessing if muscle injury corre-
lated with regeneration processes similar to what was previously observed in young adult rats [19]. 

2. Material and Methods   
2.1. Laboratory Animals  
Eight, 17.2 month-old pre-senile female Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN), 280 - 
360 grams (mean = 324.08 + 10.67 g) were used for this experiment. Female Sprague-Dawley rats gradually 
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cease cycling by 6 - 8 months of age [50] [51], and cease to breed by 15 months of age [52], thus minimizing the 
influence of estrogen on myogenic satellite cells that has previously been reported [53]-[55]. However, muscle 
satellite cells from old (>30 months) female rats retain their myogenic potential [56].  

Females were housed in groups of 2 in polyethylene shoebox cages (44 × 25 × 30 cm) lined with corncob 
bedding, under environmentally controlled conditions (0700 hr lights on, 1900 hr lights off, ambient temperature 
20˚C - 23˚C, relative humidity 40% - 60%) with ad libitum access to Purina Rat Chow and tap water. All pro-
cedures were performed with the approval of the Howard University Institutional Animal Care and Use Com-
mittee.  

2.2. Acupuncture and Muscle Sampling 
Rats were lightly anesthetized with sodium pentobarbital (40 mg/kg, i.p.) and a sterile, 0.30 mm diameter stain-
less steel acupuncture needle (Seirin Co. Ltd., Germany) was inserted perpendicularly into the shaved right hind 
leg TA muscle, at a point equivalent to human Zusanli (ST 36). The ST 36 acupoint is located 5 mm below and 
anterior to the tubercle of the tibia [57]. The acupuncture needle was inserted to a depth of 2 mm, and manually 
twisted from left to right for 20 seconds every 3 min, during the 15 minute session, resulting in 5 needle mani-
pulations. The left TA muscle served as the control; the hind leg was shaved but no needle was inserted [58], in 
order to avoid the reported controversies associated with the placement of sham needles, which produce biolog-
ical effects that may complicate interpretation of results [59]. ST 36 is the most commonly targeted acupuncture 
needle point in both clinical settings [60] and experimental studies [58] [61], and is considered to be more effec-
tive in restoring energy balance in humans than other points according to traditional acupuncture medical theory 
[62]. 

At 72 hours post-acupuncture, rats were sacrificed and portions of the ST 36 area of the TA muscle (10 × 5 × 
4 mm) from both the needled and the contralateral control legs were dissected. Half of the tissue was frozen in 
liquid nitrogen, and stored at −70˚C. The remaining half of each sample was placed in Prefer fixative (Anatech, 
Battle Creek, MI), and infiltrated with paraffin [63].  

2.3. Histology and Immunohistochemistry 
Ten (10) micron paraffin sections of dissected TA muscle were cut and stained with hemotoxylin [64]. Paraffin 
sections were de-waxed in xylenes, and rehydrated as previously described [63], then treated with sodium citrate 
buffer (10 mM, pH 6.0) for 30 minutes at 80˚C, and incubated overnight with anti-PCNA antibodies [1:75]. Sec-
tions were incubated in biotinylated anti-mouse secondary antibody (Vector Labs), followed by ABC reagent 
(Vector Labs), and chromogen was developed in 3’3-diaminobenzidine/nickel chloride solution. Fifteen (15) 
micron cryosections of TA muscle were fixed in 4% paraformaldehyde, incubated overnight with primary anti-
bodies (anti-BrdU, 1U/mL, Roche), (mouse anti-MyoD, 1:30, Dako) followed by FITC labeled secondary anti-
bodies (Dako). All specimens were photographed using a Nikon ES400 microscope.  

2.4. Cell Counting 
Cell counts were calculated by identifying approximately a 1 square millimeter unit area where labeling was 
concentrated within the targeted anatomical region. Five to ten sections per animal were analyzed and the aver-
age number of counts determined constituted a sample (n = 1).  

2.5. Western Blotting 
Dissected TA muscle was homogenized in cold buffer (19 mM NaCl, 1.5 mM MgCl2, 20 mM HEPES (pH 7.4), 
1 mM dithiothreitol, 20% glycerol, and 0.1% Triton X-100) containing protease inhibitors, sonicated on ice (5 
minutes), and centrifuged at 14,000 rpm for 15 minutes at 4˚C. Protein concentrations of supernatants were de-
termined [65]; 40 micrograms of protein was electrophoresed in 12% NuPage Bis-Tris gels (Invitrogen), and 
transferred to PVDF membranes. Due to the multiplicity of gene expression induced by injury, the choice of a 
stable gene normalization was limited. Therefore, Ponceau S staining of the Western blot was consistently em-
ployed to confirm equal amounts of sample loading and transfer of protein. Membranes were incubated over-
night with anti-MyoD1 5.8A monoclonal antibody (1:400, Dako, Carpinteria, CA), followed by peroxidase- 
conjugated horse anti-mouse secondary antibody (1:1000, Vector Labs). Chemiluminescent signals were densi-
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tometrically quantified using NIH Scion Image (version 4.0.3.2) software.  

2.6. Statistical Analysis 
All quantitative data are expressed as means +/− standard errors. Cell counts and western blot data were analyz- 
ed using the paired Student’s t test to determine significant differences (p < 0.05). 

3. Results 
3.1. Acupuncture Induces Injury in TA Muscle 
Histological signs of injury in TA muscle were assessed by hematoxylin staining. Control TA muscle (Figure 
1(A)) exhibited a uniform pattern of myofibrils with punctate nuclei. In contrast, acupuncture needling of the 
TA muscle (Figure 1(B)) resulted in a loss of myofibril integrity and accumulation of mononucleated cells.   

3.2. Acupuncture Induces a Proliferative Response in TA Muscle 
Proliferative activity in response to acupuncture needling was analyzed by quantifying proliferating cell nuclear 
antigen (PCNA) expression in TA muscles. Compared to control muscle (Figure 2(A)), there was a dramatic 
increase in the number of proliferating cells in needled TA muscle that was consistent with injury and myofiber 
disruption (Figure 2(B)). Quantitation of PCNA in serial sections demonstrated a significant [t(6) = 4.89, p < 
0.0001] 4-fold elevation in needled tissue [194.00 ± 5.12 cells/mm2] compared to controls [50.55 + 11.88 cells/ 
mm2 (Figure 2(C)). Within the injured tissue, discrete sites of proliferative activity were adjacent to intact fibers 
that lacked immunoreactivity for PNCA (see Figure 2(B)).  

3.3. Acupuncture Promotes Myogenic Potential 
The sequence of myogenesis in response to injury is well characterized. Specifically, activated satellite cells that 
undergo differentiation are known to express the myogenic transcription factor, MyoD [7]. MyoD is a transcrip-
tion factor that is the switch for the cascade of genes associated with remodeling a repair of muscle tissue.  

Figure 3(B) demonstrates that acupuncture needling prompted MyoD immunoreactivity, in contrast to little 
or no expression within controls [Figure 3(A)]. Immunoblot analysis showed that there was a 6 and 10 fold in-
crease in two MyoD immunoreactive isoforms (38 and 42 kDa, respectively) at 72 hrs after needling (Figure 4), 
which correlated with results from the in situ profile of MyoD expression (Figure 3). While the increase in the 
38 and 42 kDa species reflects normal MyoD in response to muscle injury, another (~56 kDa) MyoD-immuno-  
 

 
Figure 1. Acupuncture needling-induced signs of TA muscle injury. ((A): Left) Hematoxylin staining of sagittal sec-
tions of control TA muscle reveals uniform labeling of compact myofibers and resident nuclei (arrows). ((B): Right) 
Acupuncture disturbs myofiber integrity of TA muscle, and induces myonecrosis [brackets] and infiltration of mono-
nucleated cells (arrows). Bar = 100 μm.                                                                   
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Figure 2. Quantification of proliferation in TA muscle. Sagittal sections of control (A) TA muscle tissue 
show proliferating cell nuclear antigen (PCNA) expression was limited to superficial regions of the muscle 
fibers (arrows). (B) Acupunture produced a dramatic accumulation of PCNA-immunoreactive nuclei [brack-
ets] within myofibers (Bar = 100 μm) that resulted in a significant difference from control TA muscle (see 
histogram in (C)). Data represent means + s.e.m., n = 4/group, ***p < 0.0001.                            

 

 
Figure 3. Evidence of myogenic activation in TA muscle. (A) Serial sections of control TA muscle incubated with 
anti-MyoD antibodies routinely lacked immunoreactivity. (B) Acupunctured TA muscle revealed dense, MyoD- 
positive immunoreactive profiles within cells at the peripheral membrane of myofibers (arrows). Bar = 50 μm.       

 
reactive species was expressed in two thirds of the controls, and in one third of experimental of the needled TA 
muscles (Figure 4(A)). 
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Figure 4. Induction of MyoD expression in TA muscle. Representative Western blot (A) and histo-
grams (B) showing relative levels (mean + s.e.m.) of MyoD-immunoreactivity/expression in control 
TA muscles (lanes 1 - 3) and acupunctured TA muscles (lanes 4 - 6). MyoD isoforms at ~38 and 42 
kD were significantly induced in acupunctured TA muscles. A MyoD-immunoreactive species of ap-
proximately 56 kDa (see (A)) was also present within the TA muscles of control and acupunctured 
samples. Asterisks (*) note significant differences between controls and experimental group means 
[t(5) = 3.27, p < 0.05]. Densitometric scans of Ponceau S stained membranes were used to confirmed 
equivalent protein amounts from control and acupuncture tissues (not shown).                     

4. Discussion  
The present study demonstrates that in the 17-month-old female rat, the TA muscle retains the capacity to ex-
press markers that are known to be indicative of mechanisms that promote repair and myogenesis in injured 
muscle. Acupuncture needling of the TA caused myofibril disorganization that was accompanied by the infiltra-
tion of mononucleated cells, increased proliferative activity, and the up-regulation of MyoD transcription factor 
in SC within 72-hours post-needling. These findings correlate with observations previously reported in 6 week 
old male rats [19] [66], and are consistent with the results obtained with the use of different muscle injury pro-
tocols that promote SC proliferation in young organisms [2] [4] [6] [9] [67] [68].  

There are reports, however, of age-related declines in SC-mediated myogenesis in response to acute injury [24] 
[69] [70]. Myogenic cells from aged muscle show a delayed response to activation cues and an initially reduced pro- 
liferative expansion in vitro [22] [45]. Despite these shortcomings, there are sufficient populations of SC that re- 
tain the myogenic potential for tissue repair [42], which have been shown to be delayed but excellent in old mice [30].  

At 72 hrs post-needling, the TA muscle of rats in the present study displayed evidence of myofiber necrosis 
and mononuclear cell infiltration indicative of muscle injury. The presence of mononuclear cells is considered 
critical to the process of phagocytosis and clearance of injured muscle debris [71], which is concomitant with 
induction of the regeneration process [6]. Characteristic features of central nuclei and reorganizing structures 
have also been reported at similar time points after injury to skeletal muscle, leading to repair and regeneration 
[72]. Moreover, injury to mouse TA muscle by contractile lengthening results in several fold increase in the 
number of necrotic fibers concomitant with significant mononuclear infiltration after days [73].  

In the present study, increased PCNA expression was localized within the injured TA muscle. PCNA has been 
used a as prerequisite marker for muscle regeneration and repair, and proliferation of a SC pool [68] [74] [75]. It 
is important to note that PCNA plays an essential role assisting DNA polymerase δ in processes that involve 
both DNA replication and repair [76]. Thus, the heightened expression of PCNA within the injured TA muscle 
in rats in this study may reflect induction of the SC activation/entry into the cell cycle process and/or DNA re-
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pair of myofibers. Determination of specific proliferative and immunochemical profiles at earlier post-needling 
time points within the injured TA muscle will enable further better characterization of myonuclear phenotypes. 
Preliminary observations of injured TA muscle revealed increased BrdU staining (data not shown). 

At cellular and molecular levels, activation of satellite cells in muscle correlates with MyoD expression [40]. 
MyoD up-regulation during satellite cell activation is documented in response to episodes of myogenic plasticity, 
adaptation, and regeneration [11] [12] [77]. In proliferating myoblasts, MyoD expression may be critical for 
their fusion with intact myofibers in response to stimuli produced during muscle injury [78] [79]. In rat skeletal 
muscle, the molecular weight of MyoD has been reported to range between 33 to 48 kDa [80]. In the current 
study, two MyoD protein species, at 38- and 42 kDa, were significantly elevated in response to acupuncture 
needling. In a study with male adolescent rats, acupuncture needling induced the expression of the 38 kDa spe-
cies [66]. However, their reported approximate 4-fold induction of this 38 kDa species differs from the 6 - 10 
fold induction of this protein in aging female rats, and suggests that age- and sex-specific factors may play sig-
nificant roles to regulate the myogenic response to acupuncture needling.  

Recent studies have uncovered the critical impact of systemic and niché factors on stem cell functionality [46]. 
Selective estrogen receptor-β signaling regulates skeletal muscle regeneration by activating satellite cells and 
modulating immune responses [68] [81]. Estrogen stimulates skeletal muscle repair and regeneration after trau-
ma [55] [68], and mitigates muscle damage by limiting the inflammatory response [53] [54]. In rodents, sex-re- 
lated differences in SC number have been reported with aging. The decline in the number of SC in the soleus 
and extensor digitorium longus muscles with aging has been shown to be more striking in female mice and rats 
than in their aging male counterparts [82]. However, muscle SC from 30 month old female Long-Evans rats dif-
ferentiated in culture to form multinucleated myotubules that have the ability to accumulate muscle-specific 
proteins [56]. Clinically, women have been shown to exhibit faster recovery from exercise-induced muscle 
damage than men [83]. Although estrogen was not measured in the present experiment, it is likely that in 17- 
month old pre-senile female rats estrogen levels are lower than in adult females of the species [52], suggesting 
that alternative systemic factors may influence regeneration seen after acupuncture needling in the aging female. 
It is possible that age and/or sex may account for the expression of the additional MyoD immunoreactive species 
which was not observed in young males after a similar acupuncture procedure [66].  

The expression of a 56 kDa MyoD-immunoreactive species described here in control and needled TA muscle 
samples of 17 month-old rats has not been previously reported. However, 55 - 65 kDa MyoD proteins have been 
reported in both adult and senile rats [84]. In 4-month old male rats, these proteins are expressed in control ex-
tensor digitorum longus (EDL), gastrocnemius, and TA muscles, and elevated in response to denervation and 
injury [84]. In senile male rats, they are expressed in uninjured EDL and gastrocnemius muscle, and between 24 - 
32 months of age their expression is steadily enhanced, with total levels in these two muscles showing increases 
approximately 3 to 11 times higher than at 4 months of age [84]. These high molecular weight MyoD-like species 
may serve age-related functions that are linked to the homeostatic and regenerative properties of muscle [42].   

The 56 kDa species observed in our study may reflect the addition of ubiquitin residues to the native MyoD. 
Ubiquitination of MyoD has been reported in several types of aging skeletal muscle [84] [85], and while the ex-
act function of this process is unclear, the presence of ubiquitin may influence either the transcriptional activa-
tion and/or degradation of MyoD in aged muscle. 

5. Conclusion  
In conclusion, the results of this study indicate that a single session of manual acupuncture-induced injury to TA 
(ST36) muscle is sufficient to stimulate cellular and molecular events associated with the myogenic process in 
skeletal muscle of the aging rat in a manner similar to that seen in younger animals. The novel species of MyoD 
that are expressed in pre-senile female rats may in part compensate for physiologic changes that occur in aging 
satellite cells and their niché environment. Understanding the regenerative process that occurs following acu-
puncture in skeletal muscle of young and old animals may provide important clues about the localized response 
that underlies the efficacy of this procedure throughout the lifespan. 
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