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Abstract 

Among the numerous changes that occur in skeletal muscle during aging, the reduced regeneration 

potential after an injury is largely due to the impaired ability of satellite cells to proliferate and 

differentiate. Herein, using the freeze-fracture electron microscopy technique, we analyzed both the 

incidence and size of dihydropyridine receptors (DHPRs) tetrads (4 particles) in cultured myotubes 

from a young subject (28 years) after 9 days of differentiation and from an old subject (71 years) 

after 9 and 12 days of differentiation. Compared to young myotubes, at 9 days of differentiation old 

myotubes exhibited: i) a lower incidence and a smaller size of DHPR clusters and ii) a lower 

number of complete tetrads. At 12 days of differentiation values of incidence, size and number of 

complete tetrads in old myotubes were instead comparable with those of young myotubes at 9 days 

of differentiation. Collectively, these results indicate that in aged myotubes the synthesis process of 

the proteins involved in the excitation-contraction coupling mechanism, such as the DHPR, is 

somehow slowed, supporting previous studies evidence of a decrease in the differentiation potential 

of myotubes from elderly individuals. 
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Among the numerous structural and functional changes that occur in the skeletal muscle of the 

elderly, it has also been demonstrated that aging is accompanied by a decrease in the capacity of 

muscle tissue to regenerate following injury.1 Several studies reported that with aging, satellite cells 

(quiescent mononucleated myogenic cells) diminish their capacity to proliferate and growth.2,3 

Specifically, Pietrangelo et al., 2009 reported that in myoblasts and myotubes derived from satellite 

cells of elderly subjects, aging causes an impairment to complete differentiation.4 At the molecular 

level, it was suggested that the impairment of muscle to regenerate may also be determined by the 

declining rate of protein synthesis.5 To further support this hypothesis, we decided to search for the 

presence of Dihydropyridine Receptors (DHPRs) in myotubes from an old subject and compared 

them with those of a young subject.  

In skeletal muscle, DHPR, an L-type calcium channel of external membranes (plasma membrane 

and transverse tubules or T-tubules) functions as a voltage sensor that is responsible for initiating 

the Excitation-Contraction (EC) coupling mechanism.6-8 According to the mechanical coupling 

hypothesis, in response to depolarization of external membranes, the DHPR changes its 

conformation and consequently triggers the Sarcoplasmic Reticulum (SR) calcium release channel 

(or ryanodine receptor, RyR) opening directly9 even in the absence of extracellular Ca2+.10,11 Several 

ultra-structural studies performed by Clara Franzini-Armstrong over the last 50 years12 have 

strongly supported this hypothesis. The functional linkage requires a highly specific association of 

α1SDHPRs in correspondence of RyR1s (the skeletal muscle-specific isoforms of the two proteins): 

groups of four DHPRs linked to a single very large cytoplasmic domain of RyR (or foot)13 define 

the corners of a square, and constitute a single unit called tetrad.14-18 Dictating by their link with the 

tetrameric RyR cannels which are placed in arrays in the junctional sarcoplasmic reticulum (jSR) 

membrane, tetrads are associated with alternate feet and are placed in ordered arrays in junctional 

domains of T-tubules and surface membrane.12,19,20   



The EC coupling occurs within specialized structures called Calcium Release Units (CRUs).  In 

myotubes, in which the EC coupling machinery, transverse tubular system included, have poorly 

developed, functional CRUs are mostly composed by the association between junctional domains of 

SR with the surface membrane, and they are called peripheral couplings.14,17,18,20 Peripheral 

couplings are structurally and functionally equivalent to the junctions between SR and T-tubules 

(CRUs or triads) which are predominant in mature muscle fibers. For this reason, clusters of EC 

coupling proteins are predominantly located at the cell periphery.   

While RyRs feet are clearly visible in electron microscopy (EM) thin sections,21 DHPRs are 

detected in freeze-fracture EM images as clusters of large intra-membranous particles appearing in 

the cytoplasmic leaflet (the membrane leaflet which is in contact with the cytoplasm) of the 

fractured surface membrane.14,20-23 

In here, using the freeze-fracture we examined cultured human myotubes (human developing 

muscle) obtained upon growth and differentiation of cultured satellite cells (myoblasts precursor 

cells) from vastus lateralis biopsies (see Materials and Methods for details).4 Specifically, after 

having identified and confirmed the presence of DHPRs clusters, we compared cluster incidence, 

size, and completeness of tetrads (4 particles) of myotubes obtained from a biopsy of a young 

subject (28 years) after 9 days of differentiation (YM9d) with myotubes obtained from a biopsy of 

an old subject (71 years) after 9 (OM9d) and 12 days (OM12d) of differentiation.  

Our observations demonstrated that myotubes derived from the old subject at the earlier culture 

passage of differentiation (9 days) exhibited a significantly lower incidence of DHPR clusters and a 

smaller size of the clusters occupying patches of membrane compared to young myotubes at the 

same time point of differentiation. In addition, in DHPR clusters from OM9d, we detected a lower 

number of complete tetrads (4 particles) than in those from YM9d.  At 12 days of differentiation 

values of incidence, size, and density of complete tetrads in myotubes from the old subject turned to 

be comparable with those of young myotubes at 9 days of differentiation. 



All together these results suggest a slowing of the synthesis process of the proteins involved in the 

EC coupling mechanism in aged myotubes and help to support previous studies showing a decrease 

in the differentiation potential of myotubes derived from elderly individuals.  

 

Materials and methods 

Muscle samples 

Biopsies from Vastus Lateralis (VL) muscles were obtained after informed consent from a young 

subject (28 years) and of an old subject (71 years), both healthy men undergoing elective orthopedic 

surgery. Each biopsy sample was collected in Ham’s F-10 medium (GIBCO, Invitrogen, Carlsbad, 

California) supplemented with 50 μg/ml of gentamycin and stored at +4 °C until processing, which 

was carried out within 24 h of surgery. 

 

Primary culture of myotubes  

Muscle biopsies were processed to obtain explants placed in culture as described by Fulle et al. 

2005.24 The first mononucleated cells migrated out of the explants within 7 to 13 days from the 

beginning of culture. After removal of the muscle explants, the satellite cells are grown until they 

reach confluence in Growth Medium (GM), consisting of HAM's Nutrient Mixture F10 without L-

Glutamine medium (GIBCO, Invitrogen) supplemented with 20% Defined Fetal Bovine Serum, US 

Origin (Euroclone, Pero, MI, Italy), 100 U/ml penicillin, 100 μg/ml streptomycin, and 50 μg/ml 

gentamycin sulphate (Euroclone) and 1% Stable Glutamine (200mM) (Euroclone). Proliferative 

skeletal myoblasts (mononucleated cells) are induced to fuse into multinucleated myotubes seeded 

onto ECL-coated dishes. At 2–3 days after plating the medium was replaced with differentiation 

medium (DM) consisting of DMEM high glucose (Euroclone) supplemented with 5% horse serum 

(Euroclone), 50 μg/ml of gentamycin (Euroclone), 10 μg/ml of insulin (Sigma-Aldrich, Milan, 

Italy) and 100 μg/ml of apo-Transferrin (SIGMA). Cells were cultured to induce differentiation 

until day 9 and/ or 12. See also Pietrangelo et al. 2009 for details. 

 

Freeze-fracture electron microscopy 

Samples and replicas preparation 

https://www.sciencedirect.com/science/article/pii/S0531556509000904?via%3Dihub#bib22
https://www.sciencedirect.com/science/article/pii/S0531556509000904?via%3Dihub#bib22


Myotubes at 9 days of differentiation from the young subject (YM9d) and myotubes at 9 and 12 

days of differentiation from the old subject (OM9d and OM12d, respectively) were fixed in 2.5% 

glutaraldehyde in 0.1 M cacodylate buffer (pH 7.3) and infiltrated in 30% glycerol, for a minimum 

of 15 min, frozen in liquid propane, freeze-fractured under vacuum, shadowed with platinum at 45° 

and replicated with carbon in a Blazer’s 400 freeze fracture unit (Balzers, model BFA 400; Balzers 

S.p.A., Milan, Italy). The replicas were examined in a Phillips 410 electron microscope (Philips 

Electron Optics, Mahwak, NJ) equipped with a Hamamatsu C4742-95 digital imaging system 

(Advanced Microscopy Techniques, Chazy, NY). 

 

Quantitative analysis 

Column A: the surface densities of DHPR clusters were estimated from freeze-fracture replicas of 

the cytoplasmic leaflet of the plasmalemma and expressed as average number (in 10 µm2) ± SD. 

Micrographs were collected at 17700x magnifications by taking images of the cytoplasmic leaflet 

of each myotube with a central DHPR cluster. Each image covered about 35 µm2 of area. 25-39 

images were counted for each of the time points. The reason for choosing a non-random approach 

to data collection is that the groups of DHPR particles are clearly and unequivocally visible only 

when the shadow is at the appropriate angle, and the replica is of excellent quality. Since these 

circumstances vary from one area to the other of the replica, counting micrographs collected under 

the usual criteria of randomness would result in false data.  Columns B and C: in micrographs at 

higher magnifications, the average area of a single DHPR cluster was measured using ImageJ 

software (v1.54f, National Institute of Health, USA), and the percentage of the total area of 

micrographs covered by clusters of DHPR was also calculated. Column D: in each single DHPR 

cluster the ratio of the number of complete tetrads (four particles) to the total number of tetrad-like 

arrangements (two and three particles) was counted and expressed as percentage ± SD. Column E: 

in each single DHPR cluster, the incidence of tetrads (four particles)  was also evaluated and 

reported as the average value per area of the cluster (in 1 µm2). Note: arrays of tetrads tend to be 

incomplete (lack of particles composing the tetrads) in images from freeze-fractures. It was not 

possible to establish which tetrads were actually absent and which were missing from the images 

due to fracturing problems; therefore, results in columns D and E cannot be accurately determined. 

 

Statistical analysis 



All data were presented as mean ± SD. Statistical significance was considered for values of p < 0.05. 

Statistical significance was evaluated using a non parametric two-tailed unpaired Student's t-test 

(Prism 5, GraphPad), or a Chi square test (for percentages) (Excel 365, Microsoft Office). 

 

Results  

The freeze-fracture replicas of the surface membrane from young and aged myotubes are 

distinguished by clusters of DHPR tetrads 

Freeze fracture replicas of young and old myotubes had a smooth surface with a uniform 

distribution of intramembrane particles. In all replicas analyzed, numerous clusters of large 

intramembrane particles were present. Clusters occupied patches of the membrane of different area 

sizes. 

We identified the clusters as groups of DHPR tetrads based on the following criteria (Figure 1): i) 

the particles forming them are unusually larger than most other particles in the membrane; ii) 

several particles are arranged in groups and occupy patches of the membrane which are slightly 

raised, due to the presence of junctional SR (jSR) underneath; iii) several groups of particles clearly 

show all four components; iv) the members of the group, even if somewhat incomplete, can be 

overlaid by an approximately tetragonal grid of dots marking the centre of each tetrad. Despite 

some distortion in fracturing, resulting in missing units of the tetrads, the disposition in elongated 

rows was clearly detectable in most of the clusters analysed (Figure 1). 

 

Myotubes cultured from an old subject exhibited a slower onset of DHPR clusters accrual 

compared to those from the young subject  

We freeze-fractured and analysed myotubes from a young (28 years) and an old (71 years) subject 

at different time points of differentiation. Specifically, we first looked at 9 days of differentiation.  



DHPR arrays were found in the surface membrane of all replicas from young and old subjects 

examined after 9 days of differentiation (Figure 2). However, we immediately noted that in replicas 

from old myotubes, the incidence of clusters of DHPR particles was more rare and they were much 

smaller in size (Figure 2). Specifically, while in young myotubes (YM9d), DHPR clusters were 

clearly visible in each micrograph analyzed as often quite large in size, in old myotubes (OM9d), 

DHPR clusters were more rarely found, and the particle patch usually covered a smaller area of the 

plasmalemma (Figure 2).  

Based on this first observation and taking into consideration the results of a previous work by 

Pietrangelo et al., 2009 (4) showing a slower differentiation capability of aged myoblasts, we 

decided to look at old myotubes at 12 days of differentiation. We immediately noted that at this later 

point of differentiation, the visual incidence of clusters of tetrads and the area size of patches of 

membrane covered by DHPR particles became comparable to that of YM9d (Figure 2). 

Results from the visual observation were supported by a detailed quantitative analysis. Incidence of 

DHPR clusters in the surface membrane was estimated from counts in freeze-fracture replicas 

(Table 1; see Materials and Methods for details). DHPR clusters are frequently found in myotubes 

from YM9d (6.4 ± 3.3 / 100 µm2; Table 1, column A), as many groups of particles were visible in 

each micrograph analyzed. At the same stage of differentiation, in OM9d the incidence of DHPR 

clusters per area was significantly decreased (4.4 ± 1.6 / 100 µm2; Table 1, column A).  

We also measured the area of a single DHPR patch on the myotubes surface, and we confirmed that, 

in old myotubes, the clusters were, on average, significantly smaller than in the young myotubes 

(0.048 ± 0.022 vs 0.078 ± 0.095 µm2, respectively; Table 1, column B).  

These data, together with the reduced incidence of DHPR clusters per area observed in OM9d 

replicas was responsible for the decreased percentage of area covered by DHPR patches on the 

cytoplasmic leaflet of the plasmalemma of old myotubes (1.3 ± 0.5 vs 4.0 ± 3.1, respectively; Table 

1, column C).  



Notably, at the later stage of differentiation (12 days) the incidence of DHPR clusters on the 

cytoplasmic leaflet of the plasmalemma of old myotubes became more frequent (7.2 ± 5.7 / 100 

µm2; Table 1, column A), up to levels of the YM9d (6.4 ± 3.3 / 100 µm2; Table 1, column A). Also 

the average area size of patches of cluster membrane returned to the value level of that of young 

myotubes so that the percentage of area covered by DHPR patches in OM12d (0.074 ± 0.057; Table 

1, column C) resulted to be similar to that of YM9d (0.078 ± 0.095; Table 1, column C). 

 

Within the DHPR clusters, density of groups of 4 particles (tetrads) was lower in old myotubes 

We counted the number of groups of 4 particles (i.e. complete tetrads) within each DHPR cluster 

and reported this value as average percentage of complete tetrads compared to the total number of 

tetrads (2 or 3 particles) within each analyzed cluster and as average number of complete tetrads per 

cluster area of 1 �m2 (Table 1, columns D and E respectively; Figure 3).  

In OM9d, the percentage and number of complete tetrads were significantly lower than in YM9d 

(27.7 ± 3.8 vs 49.7 ± 1.8 and 93.7 ± 29.7 vs 119.1 ± 40.0, respectively; Table 1, columns D and E). 

At 12 days of differentiation, the percentage and number of tetrads within each cluster in myotubes 

from the old subject reached values very similar to those of YM9d (40.4 ± 6.3 and 99.4 ± 44.7, 

respectively; Table 1, columns D and E).  

 

Discussion 

In here we wanted to study ultra-structural differences of DHPRs presence and arrangement in 

cultured human myotubes differentiated from biopsies of a young and an old subject. Association of 

DHPRs particles into arrays of tetrads were found in both young and old myotubes replicas. 

However, the incidence of DHPRs clusters and size of the membrane patch occupied by the DHPR 



proteins is significantly lower in old myotubes at the earlier time point of differentiation (9 days) 

compared to young myotubes at the same time of differentiation.  

Thanks to the enormous contribution of the ultra-structural work of Clara Franzini-Amstrong and 

collaborators,12 it was established that, in order to provide sites of direct molecular interaction for 

EC coupling skeletal muscle activation, the four DHPRs clustered into tetrads in the external 

membrane (T-tubule or surface membrane), must be precisely associate with alternate feet (RyRs) 

placed in the facing SR membrane.  Thus, in myotubes peripheral couplings (where the SR forms 

junctions with the surface membrane), the arrangement of tetrads and their organization in ordered 

arrays is dictated by the specific interaction with the RyR1 arrays in the junctional SR domain 

(14,25,26). The lack of tetrads as well as the absence of DHPRs alignment in two orthogonal 

directions, in 1B5s mouse skeletal muscle cell line that carries a null mutation for RyR1 (26) and 

their reappearance after transfection with cDNA encoding for the RyR1 (26) suggest that in old 

myotubes the rate of assembling of peripheral couplings (i.e. CRUs, the sites of EC couplings) 

might be lower than in young myotubes. Thus, in old myotubes at 9 days of differentiation, the 

lower size of the DHPR clusters area would suggest a smaller area of SR junctional membrane 

containing RyR arrays. Furthermore, the lower density of tetrads (4 particles) within each cluster 

would suggest that the arrays of RyRs may not be complete. These latest structural results are in 

agreement with those published in 2007, demonstrating that, compared to young subjects, in mature 

fibers from old individuals, there was not only a decreased number of CRUs but also, a high 

incidence of incomplete triads i.e. CRUs in which one or two feet were missing in the gap spanning 

the space between T-tubule and SR. 

 Collectively, these results would suggest that in old myotubes the synthesis process of the proteins 

involved in the EC coupling mechanism, such as the DHPR, is somehow slowed. In mature fibers, a 

significant decrease in the amount of DHPRs in the transverse tubule membrane was detected with 

advancing age in rats by the laboratory of Delbono in 199727 and a partial impairment of the EC 



coupling mechanism due to a partial uncoupling between RyRs and DHPRs has been proposed (EC 

uncoupling theory). The resulting inefficient activation of contraction has been proposed as one of 

the important factors in the age-related decline of muscle performance.27 However, at least in 

myotubes, we also observed a recovery, even if at a slower rate, of the protein synthesis of old 

individuals compared to that observed in young people as a longer period of differentiation (12 

days) values from all parameters analyzed are very similar to those of young myotubes at 9 days of 

differentiation. We haven’t looked at young myotubes at 12 days of differentiation; therefore, it 

remains difficult to establish whether young myotubes would have retained the differences observed 

at 9 days with the old myotubes.  

 

Conclusions 

Satellite cells (i.e. to myo-stem cells) are responsible for skeletal muscle mass maintenance.28-30 

However, the capacity of satellite cells to repair muscle tissue following injury is reduced in the 

elderly.31-34 It has been shown that aging negatively impacts the proliferation and differentiation 

capability of muscle satellite cells.4-24  

The ultra-structural results presented in this study suggest that in myotubes differentiated from aged 

myoblasts (i.e., satellite cells), the synthesis process of the proteins involved in the EC coupling 

mechanism, such as the DHPR, is somehow slowed, supporting previous evidence of a decrease in 

the differentiation potential of myotubes from elderly individuals.2,3 

 In conclusion, the ultra-structural results observed in vitro in myotubes differentiated from the old 

subject biopsy suggest that also in vivo the differentiation potential of satellite cells could be at a 

lower rate, thus compromising their capability to repair muscle tissue after injury. 
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Figure 1. Arrays of DHPRs in the surface membrane of human myotubes. DHPR arrays are easily 

detectable and occupy patches of membrane of different area size.  The patch of membrane on 

which DHPR arrays reside is slightly raised (better visible in panel B).  Alignment of tetrads 

components in the arrays is particularly well visible (more easily viewable by obtaining a grazing 

view in the direction of the arrows) since the members of the group, even if somewhat incomplete, 

can be overlaid by an approximately tetragonal grid of dots marking the centre of each tetrad (panel 



A).  Inset: higher magnification of a tetrad (four particles) marked by the box in panel B. Scale bar: 

0.1 µm. 

 

Table 1. Quantitative freeze-fracture electron microscopy analysis of DHPR clusters in 

myotubes from a young subject (28 years) at 9 days of differentiation, and in myotubes from 

an old subject (71 years) at 9 and 12 days of differentiation. 

 
In parenthesis, columns A and C number of micrographs analysed; columns B, D and E number of 
DHPR clusters analysed.  *p< 0.05 vs YM9d and #p<0.05 vs OM9d. 

 

 A B C D E 

 

No. of 
DHPR 
clusters 
/100 µm2 

Average area 
of 
DHPR 
clusters, 
µm2 

Area of 
clusters/ 
total area 
(%) 

% of tetrads 
/DHPRs 
cluster 
 

Tetrads 
/1 µm2  
of cluster area 

YM9d 6.4 ± 3.3 
(25) 

0.078 ± 0.095 
(346) 

4.0 ± 3.1 
(25) 

49.7 ± 1.8 
(191) 

119.1 ± 40.0 
(191) 

OM9d 4.4 ± 1.6* 
(25) 

0.048 ± 0.022* 
(143) 

1.3 ± 0.5* 
(25) 

27.7 ± 3.8* 
(220) 

93.7 ± 29.7* 
(220) 

OM12d 7.2 ± 5.7# 

(39) 
0.074 ± 0.057 
(365) 

2.8 ± 1.7 
(39) 

40.4 ± 6.3 
(336) 

99.4 ± 44.7 
(336) 



 

Figure 2. Representative freeze-fracture replicas images of young myotubes at 9 days and of 

old myotubes at 9 and 12 days of differentiation. In each electron micrograph, DHPR clusters 

have been appropriately marked by drawing a black line that partly follows the patch profile to 

facilitate visualization and comparison between arrays of particles of young and old myotubes.  

Scale bar: 0.5 µm. 

 



 

Figure 3. Representative freeze-fracture replicas images of clusters of tetrads. EM images of 

tetrads from the young subject at 9 days (A) and from old subject at 9 (B) and 12 days (C) of 

differentiation. Insets: examples of complete tetrads.  Scale bar: 0.1 µm. 

 

 

 


