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Abstract 

Bioactive vitamin D or calcitriol (1,25D) is a steroid hormone that has long been known for 
its important role in regulating calcium homeostasis and bone mineralization. Since 
striated muscle cells also express the Vitamin D receptor, 1,25D has been presumed to 
affect muscle contractile properties. Although 1,25D has been shown to affect signalling in 
myoblasts and to regulate calcium homeostasis in cardiac myocytes, very little is known 
about the effects of 1,25d per se on mature skeletal muscle fibers. The aim of this study 
was to investigate the effects of the active form of vitamin D (1,25D) on cultured mature 
muscle fibres. Single muscle fibres were dissected from m. iliofibularis of Xenopus laevis 
and attached to a force transducer in a culture chamber and kept in  serum-free medium 
at slack length (mean sarcomere length 2.3 µm) for 9 to 16 days. The medium was 
supplemented with 1 nM 1,25D, 10 nM 1,25D or 0.1% ethanol as a control. Twitch peak 
force and maximum tetanic force of fibres cultured in the presence of 1,25D were 
significantly reduced compared to control fibres. The tetanic tetanic 10% relaxation time 
was significantly decreased compared that of the control group. Muscle fibres cultured 
with 1,25D did not hypertrophy or increase the number of sarcomeres in series and α-
actin mRNA content remained unchanged. We conclude that 1,25D per se has no 
hypertrophic effects on mature Xenopus skeletal muscle fibres. Furthermore we suggest 
that 1,25D reduces the release of calcium from the SR resulting in a reduction in both 
twitch peak force and maximal tetanic force as well as an increase in the rate of 
relaxation. 
 
Keywords: skeletal muscle, vitamin D, relaxation, hypertrophy, adaptation 
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Introduction  
Contractile properties of skeletal muscle are largely determined by the type of myosin 
heavy chains, muscle architecture and fascicle length, and in terms of force generating 
capacity by the number of muscle fibres and the physiological cross-sectional area of the 
muscle (see for review (Van Wessel T 2010), (Huijing 1998). Chronic catabolic conditions, 
such as conditions associated with chronic systemic inflammation and aging are 
accompanied by severe atrophy (Degens 2010), which limits mobility and increases the 
morbidity and mortality (Jensen 2008). Adaptation of muscle size is determined by the net 
effect of protein synthesis and degradation. These processes are regulated by many 
stimuli, such as mechanical loading, growth factors, cytokines and oxygen tension or pH 
(see for review (Van Wessel T 2010)). The mechanisms via which growth factors and 
cytokines affect muscle fibre size have been studied in detail, however their relative 
contribution is subject to controversy (Huijing and Jaspers 2005). One reason for this is 
that these factors interact (discussed in (Saini, Al-Shanti et al. 2008; Degens 2010)) and 
that unknown factors may be involved. Vitamin D, which has been associated with muscle 
weakness in humans (Mowe, Haug et al. 1999; Visser, Deeg et al. 2003), and may play a 
role in the regulation of muscle fibre size. Little is known about the mechanisms via which 
vitamin D affects muscle fibre size and strength. Part of its action may occur via the 
vitamin D receptor (VDR) expressed in mammalian and amphibian muscle (Zanello, Collins 
et al. 1997; Bischoff, Borchers et al. 2001); (Reschly, Bainy et al. 2007).  It has indeed been 
shown that vitamin D stimulates the uptake of calcium in the sarcoplasmic reticulum (SR) 
of in vivo in rabbit muscle (Curry, Basten et al. 1974), while depletion of vitamin D 
prolongs the relaxation phase of  rat soleus and chick triceps surae muscles (Rodman and 
Baker 1978; Pleasure, Wyszynski et al. 1979). Vitamin D may also affect adaptation of 
muscle fibre size as it has been shown to stimulate proliferation in cultured chick embryo 
myoblasts and differentiation of myoblasts in vitro (Giuliani and Boland 1984; Drittanti, de 
Boland et al. 1989). In vivo, vitamin D receptor (VDR) knock-out mice show a deregulated 
expression of myogenic regulatory factors (MRFs) and reduced muscle growth (Endo, 
Inoue et al. 2003). Vitamin D administration to deficient rats (Wassner, Li et al. 1983) and 
humans (Sato, Iwamoto et al. 2005) has been shown to increase muscle mass and 
decrease the rate of myofibrillar protein degradation. In humans, there also an increase in 
the proportion and size of type II fibres has been reported (Sato, Iwamoto et al. 2005). 
These changes may well contribute to the improvement of muscle contractile function 
after repletion with vitamin D in vitamin D deficient humans (Rodman and Baker 1978) 
and suggest that vitamin D may affect muscle function by: 1) increasing the calcium 
uptake and hence decreasing the rate of relaxation and 2) stimulating muscle fibre 
hypertrophy (i.e. an increase in the fibre cross sectional area (FCSA)). However, VitD also 
regulates the plasma concentrations of calcium, phosphorus and parathyroid hormone 
(see for review (Verhave and Siegert 2010)), indicating that in addition to the presumed 
direct effects of vitamin D on skeletal muscle, in vivo other factors are affected which 
obscure the effects of vitamin D per se. The aim of this study was to investigate the effects 
of 1,25D per se on contractile properties and size of mature muscle fibres. We 
hypothesized that 1,25D shortens relaxation of contraction and induces hypertrophy that 
will be accompanied by an increase in tetanic force.  To test this, mature isolated Xenopus 
laevis muscle fibres were cultured for two weeks in serum-free medium with and without 
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1,25D and changes in relaxation times, force generating capacity, FCSA and serial 
sarcomere numbers were determined. 
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Material and methods 
Animals and preparation of muscle fibres 
Treatment of animals was in accordance with the guidelines and regulations concerning 
animal welfare and experimentation set forth by Dutch law and approved by the 
Committee on Ethics of Animal Experimentation at the VU University Amsterdam. 
Xenopus laevis (females, 9–10 cm body length) were killed by decapitation after cooling in 
ice water for 15 minutes and both iliofibularis muscles were excised. The muscles were 
allowed to recover for 1 h in sterilised (0.22-μm filter), oxygenated Ringer solution (NaCl, 
116.5 mM; KCl, 2.0 mM; CaCl2, 1.9 mM; NaH2PO4, 2.0 mM; ethylene glycol tetraacetic acid, 
0.1 mM; pH 7.2). After recovery, both muscles were transferred to aseptic dissection 
troughs (Lännergren 1966). Highly oxidative single muscle fibres (type 2/3 according to the 
classification of Lännergren and Smith (1966) were carefully dissected under aseptic 
conditions using fine-tipped forceps and scissors under a microscope fitted with dark-field 
illumination (one or two fibres per animal). Small platinum hooks were tied to the 
trimmed tendons using 20-μm-diameter sterile polyamide thread. The platinum hooks and 
tools for dissection were sterilised using 70% ethanol. Unless stated otherwise, chemicals 
were obtained from Sigma Aldrich (The Netherlands). 
 
Measurement of cross-sectional area and number of sarcomeres in series  
Before culture, the number of sarcomeres in series and fibre cross-sectional area (FCSA) 
were determined as described previously (Jaspers, Feenstra et al. 2001). In the dissection 
chamber, fibres were stretched to just over slack length. Sarcomere length was 
determined every millimetre along the length of the fibre using laser diffraction and the 
mean sarcomere length was calculated. Subsequently, muscle fibre length was adjusted to 
a length corresponding to a mean sarcomere length of 2.3 μm (l2.3 μm, i.e. approximately 
fibre slack length). At this fibre length, the FCSA was determined by measuring the 
smallest and largest diameters of the fibre at three positions along the length of the 
muscle fibre.        
The FCSA was calculated assuming an elliptical cross section and muscle fibre FCSA was 
taken as the mean of these three values. After these measurements, the fibres were 
mounted in the culture chamber and length was adjusted to l2.3 μm. 
 
Culture system and medium  
All parts of the culture chamber (Lee-De Groot and Van der Laarse 1996) were sterilized 
using 70% ethanol. The fibre was mounted between a force transducer (AE801, SensoNor, 
Horten, Norway) and an adjustable rod.  

The chamber contained 0.8 ml of culture medium. The stock solution of the 
culture medium consisted of 66% Dulbecco’s modified Eagle’s medium/F12 (GibcoBRL, 
Life Technologies, Breda, The Netherlands) with 100 U·mL−1 penicillin per 100 μg·mL−1 
streptomycin (GibcoBRL), 5 mM sodium phosphate, 1 mM creatine, 0.5 mM L-carnitine 
and 0.2% bovine serum albumin.  

To investigate the effects of 1,25D, the stock medium was supplemented with 
0.1% ethanol (n= 5 muscle fibres, control), or 1,25D, dissolved in ethanol. The effects of 
1,25D were tested at a high (4 fibres) and low (5 fibres) concentration. The 1,25D 
concentrations in the culture media were assessed using a 1,25(OH)2D ELISA kit 
(Immunodiagnostic Systems Ltd., Boldon, England). The final low 1,25D concentration in 
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the culture chamber was 1.12 nM, SEM 0.25, n = 4, and the high concentration was 11.4 
nM , SEM 0.64, n = 4. 

The culture chamber was transferred to an incubator kept at 20°C and tubing for 
gas and culture medium supply were connected. Fresh culture medium was continuously 
pumped through the chamber at a rate of about 0.5 mL·h−1 and was equilibrated with air, 
containing 2.4% CO2. Final pH was 7.6 and osmolarity was 235–250 mOsm·kg−1. The 
oxygen tension of the culture medium of the chamber was 120 to 130 mmHg.   

Twitch and tetanic forces were measured once every 24 h. The fibre was 
stimulated (0.4-ms biphasic current pulses, 1.25 times threshold voltage) via platinum 
plate electrodes flanking the full length of the fibre to produce two twitches, one tetanus 
(50 Hz, 260 ms duration). Twitch peak force, twitch contraction time and twitch half-
relaxation time were determined for the second twitch. For the tetanus, maximal force, 
the time from the first stimulus pulse to the time at which 50% of the maximal force was 
attained, (tetanus half rise time) and time from the highest force after the last stimulus 
pulse to 10% relaxation (tetanus 10%-relaxation time) were determined. The latter has 
been shown to reflect changes in relaxation speed, predominantly determined by the rate 
of calcium uptake by sarcoplasmic reticulum (SR) ATPase (Westerblad and Allen 1993). 
After culture, muscle fibres were transferred back to the dissection chamber filled with 
Ringer solution and the fibre FCSA as well as the number of sarcomeres in series was 
determined again. Twitch and tetanic specific forces were calculated at day 2 and at the 
end of culture (ranging from 9 to 16 days) by dividing fibre force by the FCSA determined 
before and after culture, respectively.  

 
In situ hybridization for actin mRNA 
After culture, fibres were embedded at l2.3�m in 15% (w/v) gelatine in Ringer solution, pH 
7.2, and frozen in liquid nitrogen. Cross-sections, 10 �m thick, were cut using a cryostat at 
-20°C and mounted on glass slides coated with Vectabond (Vector Laboratories, 
Burlingame, CA). After drying, the sections (10 μm thick) were stored at -80°C.. The probe 
for detection of all actin isoforms (cardiac, skeletal and cytoskeletal actin) was amplified 
from Xenopus laevis embryos cDNA using forward primer                              
5’- CAGCACCAGCTCTCCTGTGCTA-3’ and the reverse primer  
5’- TCTCAAAGTCCAAAGCCACATA-3’ (Eurogentec, Belgium) directed against the N- 
terminal coding region (721 bp, 11-732 nt, gene ID X03469) (2). The PCR product was 
cloned into vector pGEMT (Promega, France). Digoxigenin(DIG)-labeled antisense 
and sense RNA probes were produced by in vitro transcription using RNA labeling mix 
(Roche Diagnostics Research, The Netherlands) according to the manufacturer’s 
instructions. After the labelling reaction, the probe was dissolved in diethylpyrocarbonate 
(DEPC) treated water and its concentration was measured (ND-1000 spectophotometer; 
Nanodrop Technologies, Wilmington, DE). 
The frozen sections were air-dried and fixed in 4% paraformaldehyde solution (in 
phosphate buffered saline (PBS)) for 20 minutes at 20°C and washed in PBS. The sections 
were then treated with proteinase K (10μg/ml) for 20 minutes at 20°C, washed 2 times for 
3 minutes in PBS and fixed in a 4% formaldehyde solution for 5 minutes, and incubated in 
tri-ethanolamine solution (1.33% TEA, pH 8.0) for 5 minutes and triethanolamine with 
acetic anhydride (TEA solution + 100 μl acetic anhydride) for 5 minutes. After TEA 
incubation, slides were washed twice for 3 minutes incubated for 30 minutes in 
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prehybridization mix: 50% formamide, 3 x SCC (20x SCC; 3 M NaCl, 0.3 M tri-sodium 
citrate, pH 4.5), 1% blocking reagent (Roche Diagnostics Research, The Netherlands), 10 
mM EDTA, 1 mg/ml torula mRNA, 2.5 mg/ml 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate, 0.1 mg/ml heparin, 0.2% Tween-20. Hybridization was performed in 
the prehybridization solution with 10mM dithiothreitol (DTT) and the DIG-labelled anti-
sense and sense RNA probe at a concentration of 10 ng/μl (total volume 12.5 μl). Sections 
were hybridized overnight at 50°C in a humidified chamber while covered by Hybrislips. 
After hybridization, sections were washed twice with 2x SSC + 0.02% (w/v) sodium dodecyl 
sulphate (SDS) for 10 minutes at 50°C, 8 minutes 0.2x SSC + 0.02% (w/v) SDS at 50°C and 8 
minutes 0.2x SSC + 0.02% (w/v) SDS + 10 mM DTT at 50°C, slides were washed in MAB 
buffer (10 mM Maleineacid, 150 mM NaCl, pH 7.5) at room temperature (RT) and 
incubated with sheep anti-DIG Fab fragments conjugated with alkaline phosphatase 
(1:4000, Roche) in 10% (w/v) heat inactivated sheep serum, 1 % (w/v) blocking reagent, 
and 0.1% (w/v) Tween-20 in MAB buffer over night at 4°C. 

The sections were washed 5 times 15 minutes at RT in MAB buffer and incubated 
for 3 minutes in AP buffer (0.1 M NaCl, 0.1 M TRIS HCl, 50 mM MgCl2, 0.1 % (w/v) Tween-
20)  supplemented with levamisol (Vector Laboratories, UK; final concentration 1 mM). 
Chromogenesis was performed in the dark using 1 mM levamisol in BM purple (Roche) for 
50 hours at 20ºC. Finally, the sections were mounted in glycerine gelatine and stored at 
4ºC. Sense probes were used to determine the level of non-specific probe binding.  

 
Microdensitometry 
The absorbance values of the final reaction products of the in situ hybridization in the 
sections was determined using a Leica DMRB microscope (Wetzlar, Germany) fitted with 
calibrated gray filters using interference filters. Absorbances were determined at 455 nm. 
Images were recorded with a x20 objective and a Sony XC-77CE camera (Towada, Japan) 
connected to a LG-3 frame grabber (Scion; Frederick, MD) in an Apple Power Macintosh 
computer. Recorded images were analysed with the public domain program NIH-Image 
V1.61 (US National Institutes of Health, available at http://rsb.info.nih.gov/nih-image/). 
Grey values were converted to absorbance values per pixel using the grey filters and a 
third-degree polynomial fit in the calibrate option of NIH-image programme. 
Morphometry was calibrated using a slide micrometer and the set scale option in NIH 
image, taking the pixel-aspect ratio into account.  

 
Statistical analyses 
Data are expressed as the mean ± S.E.M. Two-way ANOVA for repeated measures on one 
factor was performed to test for effects of 1,25D and culture on the number of 
sarcomeres in series and  FCSA (factor culture had two levels; i.e.pre and post culture) as 
well as for effects on twitch and tetanic force parameters during culture (factor culture 
had 8 levels; i.e. day 2 to 9). Correlation coefficients with repeated observations were 
calculated using the methods described in Bland and Altman (Bland and Altman 1995). A 
one-way ANOVA was used to compare the pre and post culture values between groups. 
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Results 
Fibre characteristics and culture period 
Table 5.1 shows the twitch and tetanic forces at day 2 of culture for the control, 1 nM 
1,25D and 10 nM 1,25D groups. The fibres in each group had similar contractile properties 
corresponding to the type 2/3 characteristics described previously (Lännergren J 1966). 
The mean culture period was similar for the three groups and varied between 13 and 14 
days. 
 
 

Control 
(n = 5) 

1 nM 1,25D 
(n = 5) 

10 nM 1,25D 
(n = 4) 

 Day 2 End Day 2 End Day 2 End 
Twitch peak force  
(mN) 

1.53 
(0.25) 

2.00* 
(0.33) 

2.10 
(0.48) 

1.08# 
(0.36) 

1.78 
(0.39) 

1.92 
(0.50) 

Twitch half relaxation 
time (ms) 

29.40 
(3.19) 

45.40* 
(5.71) 

36.20 
(7.76) 

43.00 
(10.32) 

26.00 
(2.97) 

36.75* 
(2.69) 

Twitch contraction time  
(ms) 

29.20 
(2.90) 

37.60* 
(4.27) 

37.20 
(3.43) 

39.60 
(2.54) 

27.70 
(1.93) 

33.00 
(3.34) 

Twitch specific force  
(kN · m-2) 

156.80 
(13.08) 

221.12* 
(11.99) 

157.46 
(12.74) 

88.13# 
(31.75) 

158.47
(5.57) 

186.14 
(16.39) 

       
Tetanus maximal force  
(mN) 

2.89 
(0.51) 

2.92 
(0.47) 

3.74 
(0.71) 

1.72*# 
(0.36) 

3.34 
(0.44) 

2.74* 
(0.40) 

Tetanus half rise time 
(ms) 

21.20 
(1.83) 

18.60 
(1.50) 

34.80 
(11.37) 

26.40 
(4.82) 

22.25 
(2.46) 

19.50 
(2.57) 

Tetanus 10% relaxation 
time (ms) 

24.60 
(2.84) 

35.80 
(7.23) 

34.60 
(3.70) 

24.60*# 
(4.23) 

24.00 
(1.73) 

15.75*# 
(1.03) 

Tetanic specific force  
(kN · m-2) 

298.09 
(26.47) 

311.08* 
(17.58) 

292.10 
(17.28) 

169.66*# 
(26.95) 

317.79 
(17.70) 

270.15* 
(10.98) 

Table 5.1: Twitch and tetanic characteristics at the beginning of culture. None of the 

parameters were different between the groups at day 2. Values are mean ±SEM *: significantly different from the 

initial value at day 2; #: significantly different from control group at the same time point. 

 

Twitch peak force is reduced by 1,25D  
Figure 5.1 shows an example of a force trace for a control and 10 nM 1,25D 

cultured fibre. This figure shows an example in the increase in twich force for as well the 
control as 1,25D group, and a decrease in tetanic force after culture. Figure 5.2 en 5.3A 
show the twitch peak force during culture. For all groups, twitch peak force increased 
significantly up to 8 days in culture. After this, it remained constant in the control group, 
but in both the 1 nM twitch peak force decreased to 56% the initial value, whereas in the 
10 nM 1,25D group a slight increase of 10 was shown ( P < 0.039).  
 
Maximum tetanic force is reduced by 1,25D   
Maximal tetanic force of the muscle fibres during culture is shown in figure 5.3A. For the 
control group, tetanic force increased during the first 9 days after which it decreased to 



Chapter 5                          
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

85 

the initial value. During the culture period from day 1 to day 9, tetanic force of the 1 nM 
1,25D and 10 nM 1,25D groups was not different from that of the control group. However, 
after 9 days, for the 1 nM 1,25D and 10 nM group tetanic forces decreased by ~5 % per 
day down to 68 % and 86% of the initial values at day 2, respectively (P < 0.031).  
 
Effects of 1,25D on twitch and tetanic time to peak and relaxation 
During the first 9 days of culture and at the end of culture, twitch time to peak and half 
relaxation time did not differ between the groups (Fig 5.2B and 5.2C). For the control 
group, the twitch-time-to-peak was significantly increased at the end of the culture period 
compared to day 2 (P < 0.008) (Fig 5.2B). In addition, it was shown for the control and  
1,25D groups that the half relaxation time at the end of the culture was increased 
compared to the initial value (P < 0.019), but did not differ between the groups (Fig 5.2C).  

Figure 5.3B and 5.3C show the tetanus half rise time and tetanus 10% relaxation 
time as a function of the culture period. During the first 9 days of culture, both parameters 
were similar in all groups. The half rise time was similar in all groups. Only for the 1,25D 
groups, the 10% relaxation time at the end of culture was decreased with respect to the 
initial value (P < 0.026, Fig. 3C). Both 1,25D groups had significantly lower half relaxation 
times (P < 0.02) (data not shown) and 10% relaxation times (P < 0.02) compared to the 
control group.  

In each group, twitch force and half relaxation time correlated significantly 
(r=0.88, p < 0.001; r= 0.81, P < 0.045; r= 0.78 P < 0.0001, for control, 1 nM 1.25D and 10 
nM 1.25D, respectively), while tetanic force and the 10% relaxation only correlated 
significantly in the 1,25D groups (r=0.92, P < 0.0001; r= 0.89, P < 0.0001 for 1 nM 1.25D 
and 10 nM 1.25D, respectively). 
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Figure 5.1: Examples of twitch and tetanic forces of muscles fibre during culture in 
medium with or without 1,25 D. A and B: twitch forces of a fibre cultured in control medium and 

medium supplemented with 10nM 1,25 VitD, respectively. C and D: Tetanic forces of a fibre cultured in control 

medium and medium supplemented with 10nM 1,25 VitD, respectively. The differences in the initial maximum 

tetanic force and twitch peak force at day 2 were mainly explained by the different the cross-sectional area of 

the muscle fibres. 

A                                              B
 
 
 
 
 

 
 
 
 

 
 
C                                                  D   
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Figure 5.2: Twitch contraction characteristics during culture in serum-free medium of ex 
vivo single, mature Xenopus laevis musle fibres supplemented with 1 nM 1,25D, 10 nM 
1,25D or 0.1% ethanol as the control. Mean culture period varied from 13 to 14 days. Twitch peak force 
(A), twitch time to peak (B) and twitch half relaxation time (C) were normalized by the value at day 2 and 
expressed a function of culture time. For all groups, during the first 9 days of culture, changes in twitch peak 
force increased. However, at the end of culture, twitch peak force of the 1 nM 1,25D group was significantly 
lower compared to the control group. Twitch time to peak was not different during the first 9 days between 
groups and also the values at the end of the culture were not different from the initial values.  Twitch half 
relaxation time did not differ during the first 9 days of culture, while for the 1 nM and 10nM 1,25D groups it was 
reduced compared to the initial value. The dashed lines represent an interpolation between the mean values at 
the highest culture time at which all fibres per condition are included and the mean values at the ends of culture. 
* significantly different from control (P < 0.05). Values are mean ±SEM. 
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Figure 5.3: Tetanic contraction characteristics during culture in serum –free medium of ex 
vivo single mature Xenopus laevis musle fibres supplemented with 1 nM 1,25D, 10 nM 
1,25D or 0.1% ethanol as the control. Mean fibres culture period varied from 13 to 14 days. A) Maximal 
tetanic force. Maximal tetanic force did not differ during the first 9 days of culture between all groups. However, 
at the end of culture, the maximal tetanic force of the 1 nM 1,25D group was lower compared to the control 
group. B) Tetanic half rise time. Tetanic half rise time did not differ during the first 9 days of culture between all 
groups. At the endpoint of culture, the 1 nM 1,25D and 10 nM 1,25D had increased half rise times compared to 
the control group. C) Tetanic 10%-relaxation time. Tetanic 10% relaxation time did not differ during the first 9 
days of culture. At the end of the culture period, the 10%-ralaxation time was decreased in the 1 nM1,25D and 
10 nM 1,25D groups compared to the control group. Changes in force are expressed as percentage of the initial 
value at day 2. The dotted line represents an interpolation between the mean values at the highest culture time 
at which all fibres per condition are included and the mean values at the ends of culture. * significantly different 
from the control group P < 0.05 Values are mean ±SEM 
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No effects of 1,25D on fibre CSA and the number of sarcomeres in series 
Figure 5.4 shows the change in FCSA during culture. ANOVA revealed a significant 
reduction in the FCSA during culture (P < 0.006), which was similar for all conditions. The 
number of sarcomeres in seires did not change (Fig 5.4B). These results indicate that the 
reduction in tetanic force cannot be explained by atrophy. 

 
Figure 5.4: Culture in serum-free medium supplemented with 1,25D does not increase the 
number of sarcomeres in series and the cross sectional area. A) Difference of muscle fibre CSA 
pre- and post-culture.B) Pre- and post-culture mean number of sarcomeres in series Values are mean ±SEM. 

 
Effects of 1,25D on α-actin mRNA expression 
Figure 5.5 shows cross-sections of freshly frozen m. iliofibularis stained for α-actin mRNA. 
α-actin mRNA appeared to be present in both myonuclei and cytoplasm. Note that for 
Xenopus, myonuclei are located in the cytoplasm and not below the sarcolemma as in 
mammalian muscle. Figures 5.5 C-E show typical examples of cross-section of the fibres 
cultured with 1 nM 1,25D, 10 nM 1,25D and control muscle fibres.  The mean absorbance 
values of α -actin for the different conditions were similar (Fig 5.5E) but about four times 
smaller than the absorbance values measured in freshly frozen muscle fibres (absorbance 
0.33 ± SEM 0.01). These results indicate that 1,25D per se does not stimulate α-actin 
expression in ex vivo cultured muscles fibres and fits the observation that during culture 
1,25D did not induce adaptation of muscle fibre size. 



Chapter 5 
_________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

 90

 
Figure 5.5:1,25D per se does not increase the α-actin mRNA expression in ex vivo cultured 
muscle fibres. A) ISH of α-actin on fresly frozen iliofibularis muscle, B) blanco of fresly frozen iliofibularis C, D, 

E) typical examples of α-actin mRNA stainings on sections of Xenopus muscle fibres after culture in serum –free 

medium containing: C) 1 nM 1,25D D) 10 nM 1,25D E) 0.1% ethanol D) blanco on cross section of the iliofibularis 

muscle. E) After culture of ex vivo single mature Xenopus Laevis musle fibres supplemented with 1 nM 1,25D, 10 

nM 1,25D or 0.1% ethanol as the control the mRNA content as measured by the absorbance of α-actin mRNA 

(absorbance at  455 nm)  was not different between the groups. Values are mean ±SEM. 
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Discussion 
The aim of this study was to determine the effects of the active form of vitamin D (1,25D) 
on the size and contractile properties of cultured mature skeletal muscle fibres. We 
hypothesized that 1,25D stimulates muscle fibre hypertrophy and hence increases the 
force generating capacity of the muscle and reduces the rate of relaxation of contraction. 
In contrast to our hypothesis, we have shown that 1,25D caused a reduction, rather than 
an increase, in twitch and tetanic force, while the fibre CSA remained similar to control. In 
line with our hypothesis, however, twitch half relaxation and 10% tetanus relaxation times 
were decreased. 
 
Culture system and 1,25D medium concentrations. 
To investigate the effects of 1,25D per se on skeletal muscle, without changes in e.g. 
parathyroid hormone and calcium levels that often accompany changes in circulating 
vitamin D (Testerink et al., 2010; (Verhave and Siegert 2010)), we exposed single fibres to 
different concentrations of 1,25D. The advantage of our set up is that fully differentiated 
mature single fibres can be cultured in a carefully controlled medium. Although others 
have studied the effects of adding 1,25D to differentiating C2C12 myoblast (Buitrago, 
Ronda et al. 2006; Ronda, Buitrago et al. 2007), there are no studies on the long term 
effects of 1,25D on contractile properties of fully differentiated mature skeletal muscle 
fibres in culture.  
 We added 1 and 10 nM 1,25D to the culture medium while maintaining calcium, 
phosphorus and parathyroid hormone levels in the culture medium. It has been found in 
human and mouse primary hepatocyte cultures that a vitamin D concentration of 100 nM 
elicits maximal activation of the VDR (Reschly, Bainy et al. 2007), which is far above the 
150 pM 1,25D observed in mammalian serum (Anderson, Sawyer et al. 2007). In primary 
Xenopus hepatocytes, the concentration which elicits maximal activation of the VDR is 
between 0.1 nM and 1 mM nmol·L-1 (Reschly, Bainy et al. 2007). As VDR has also been 
shown to be expressed in Xenopus muscle (Li, Bergwitz et al. 1997) it is to be expected 
that at concentrations of 1 and 10 nM 1,25D would be sufficient to elicit skeletal muscle 
VDR activation.  

 
Influence of 1,25D on twitch and tetanic contractile characteristics and muscle fibre size 
In vitamin D deficient rats the half rise time and the time to peak were increased (Rodman 
and Baker 1978). Vitamin D restored these parameter values to normal in both vitamin D 
deficient rat and chicken muscle (Rodman and Baker 1978; Pleasure, Wyszynski et al. 
1979), which suggests that vitamin D affects muscle relaxation. This might well be the 
result of the impact of vitamin D on calcium handling (Boland, Buitrago et al. 2005). In that 
study the maximal twitch force and maximal tetanic force were not measured and 
consequently it is not possible to determine whether the restoration of the parameters is 
solely due to an enhanced rate of calcium uptake, or also due to a reduced calcium 
release, and/or a change in cross-bridge kinetics. The increased 10%-relaxation time in our 
control group was similar to that reported for Xenopus fibres cultured in medium without 
albumin and 1,25 D (Jaspers, Feenstra et al. 2001) and could have been the result of the 
absence of vitamin D in the medium. In line with this suggestion, we observed that 
supplementation with either 1 nM or 10 nM resulted in a decrease in the twitch half-
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relaxation time and tetanic 10%-relaxation time. However, it also reduced twitch peak 
force and maximal tetanic force.   

The latter suggests an impaired excitation contraction coupling, e.g. when the 
release of calcium from the SR impaired (Konishi and Watanabe 1998). Indeed, an 
impaired calcium release can also explain the observed shorter relaxation times (Wahr, 
Johnson et al. 1998). Therefore, the reduced tetanic force together with an increased rate 
of relaxation may be the result of a combination of a reduced calcium release in response 
to excitation and/or an enhanced rate of calcium uptake. Given the high correlation 
between the reduction in twitch and tetanic forces and the half- and 10% -relaxation 
times, respectively, the contribution of an enhanced calcium uptake may be fairly small. 
Future experiments should test the effects of 1,25D on the calcium release.  

The potential hypertrophic effect of vitamin D was investigated by measuring the 
FCSA pre and post the culture period. We observed no hypertrophy or atrophy in response 
to 1,25D, which is in line with the similar α-actin mRNA expression in all groups. The probe 
we used, was a full length anti-sense α-cardiac actin probe, which has a high homology 
with the α-skeletal and α-cytoskeleton actin genes. Hypertrophy requires an increased 
expression of both proteins. The final absorbances were not different between the control 
and 1,25D groups, suggesting that 1,25D did not enhance the rate transcription and/or 
translation. 

1,25D has been shown to activate the mitogen-activated protein (MAP)  kinases 
ERK1 and ERK 2 in cultured chick skeletal muscle (Morelli, Buitrago et al. 2000). Activation 
of these pathways by insulin and insulin-like growth factor 1 (IGF-1)  of in vivo rat plantaris 
muscle  has been shown to result in hypertrophy (c.f. (Haddad and Adams 2004)). The 
hypertrophic effect of insulin has been shown also for ex vivo cultured Xenopus. During 
two weeks culture of Xenopus muscle fibres in the presence of insulin, FCSA was 
increasing by about 2% per day, which was accompanied by at least a doubling of the α-
actin mRNA content (Jaspers, van Beek-Harmsen et al. 2008). Here we showed that active 
1,25D does not have the hypertrophic potential as insulin and IGF-1, which suggests that 
ex vivo 1,25D per se does not activate the insulin/IGF-1 signalling pathways (i.e. 
phosphatidylinositol 3-kinase (PI3K)/Akt/ mammalian target of rapamycin (mTOR) and 
MAPK pathways).  

In summary we conclude that 1,25D levels in the culture medium resulted in a 
decrease of twitch and tetanic force, which was not due to muscle fibre atrophy, but 
probably the result of a diminished calcium release from the SR. Further research is 
necessary to elucidate whether this decrease is solely due to enhanced SR calcium uptake, 
an impaired calcium release, or both.       
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