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Parvalbumin deficiency in fast-twitch muscles leads
to increased ‘slow-twitch type’ mitochondria, but does not
affect the expression of fiber specific proteins
Peter Racay*, Patrick Gregory and Beat Schwaller

Department of Medicine, Division of Histology and General Embryology, University of Fribourg, Switzerland

Parvalbumin (PV) is a soluble calcium-binding protein

that is highly expressed in fast-twitch muscle fibers [1]

and specific neurons, including Purkinje cells and GAB-

ergic interneurons [2]. Although its putative role acting

as a temporary Ca2+ buffer is still under debate, there is

growing evidence that PV is a key player in intracellular

Ca2+ buffering [3,4]. In mammalian fast-twitch muscles,

PV facilitates the rapid relaxation by acting as a tempor-

ary Ca2+ buffer [5]. Furthermore, PV– ⁄ – fast-twitch

muscles were found to be significantly more resistant to

fatigue than the wild-type fast-twitch muscles [6]. The

fatigue resistance and ability to sustain muscle activity

for prolonged periods of time is a principal functional

hallmark of slow-twitch type I myofibers (which do not

express PV and contain a high fractional volume of

mitochondria) because they utilize oxidative metabolism
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Parvalbumin (PV), a small cytosolic protein belonging to the family of

EF-hand calcium-binding proteins, is highly expressed in mammalian

fast-twitch muscle fibers. By acting as a ‘slow-onset’ Ca2+ buffer, PV does

not affect the rapid contraction phase, but significantly contributes to

increase the rate of relaxation, as demonstrated in PV– ⁄ – mice. Unexpect-

edly, PV– ⁄– fast-twitch muscles were considerably more resistant to fatigue

than the wild-type fast-twitch muscles. This effect was attributed mainly to

the increased fractional volume of mitochondria in PV– ⁄ – fast-twitch

muscle, extensor digitorum longus, similar to levels observed in the slow-

twitch muscle, soleus. Quantitative analysis of selected mitochondrial pro-

teins, mitochondrial DNA-encoded cytochrome oxidase c subunit I and

nuclear DNA-encoded cytochrome oxidase c subunit Vb and F1-ATPase

subunit b revealed the PV– ⁄ – tibialis anterior mitochondria composition to

be almost identical to that in wild-type soleus, but not in wild-type fast-

twitch muscles. Northern and western blot analyses of the same proteins in

different muscle types and in liver are indicative of a complex regulation,

probably also at the post-transcriptional level. Besides the function in

energy metabolism, mitochondria in both fast- and slow-twitch muscles act

as temporary Ca2+ stores and are thus involved in the shaping of Ca2+

transients in these cells. Previously observed altered spatio-temporal aspects

of Ca2+ transients in PV– ⁄ – muscles are sufficient to up-regulate mitochon-

dria biogenesis through the probable involvement of both calcineurin- and

Ca2+ ⁄ calmodulin-dependent kinase II-dependent pathways. We propose

that ‘slow-twitch type’ mitochondria in PV– ⁄ – fast muscles are aimed to

functionally replace the slow-onset buffer PV based on similar kinetic prop-

erties of Ca2+ removal.
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as their main source of energy. In contrast, muscles

composed of fast-twitch type II fibers are susceptible to

fatigue, in part because of their mainly glycolytic meta-

bolism [7]. In compliance with the increased fatigue

resistance of PV– ⁄ – fast-twitch muscles, the fractional

volume of mitochondria in the fast-twitch muscle exten-

sor digitorum longus (EDL) was almost doubled in

PV– ⁄ – mice. Induction of muscle mitochondria biogen-

esis represents an important adaptation mechanism of

all muscle types to increased demands of energy as a

result of extensive work and chronic exercise [8]. The

mechanism of control of mitochondrial biogenesis in

muscles in response to muscle activity, as well as the

mechanism controlling differential biogenesis of mito-

chondria associated with particular muscle fiber types, is

not yet clear. The putative signals coupling muscle activ-

ity with the pathway of gene expression probably arise

from combinations of accelerations in ATP turnover or

imbalances between mitochondrial ATP synthesis and

cellular ATP demand, and Ca2+ fluxes [8]. An increased

biogenesis of mitochondria was detected in skeletal

muscle of null-mutant mice for proteins involved in

ATP metabolism, such as creatine kinase [9] and the

ADP ⁄ATP translocator [10]. Intracellular Ca2+ acts as

an important second messenger controlling many cell

functions and processes, including gene expression [11].

Increased biogenesis of mitochondria has been described

as consequence of elevated intracellular Ca2+ levels [12].

Although the nuclear targets responsible for Ca2+-

induced expression of mitochondrial proteins are not

well understood, studies of pathways downstream of

contractile activity have implicated Ca2+ signaling

through calcineurin (CaN) [13] and calmodulin kinase

[14] to play an important role. In addition, a recent

study indicates an involvement of Ca2+ signaling in the

control of both mitochondrial biogenesis and fiber-type

specific switch of gene expression [15].

As Ca2+ transients in PV– ⁄– fast-twitch muscles

were shown to be different from those of wild-type

(WT) fast-twitch muscles [6], and because the mito-

chondrial volume was increased to levels found in

slow-twitch fibers, a detailed study on mitochondrial

proteins, fiber-type specific proteins and selected meta-

bolic enzymes was carried out.

Results

No differences in fiber-type specific proteins

between PV–/– and WT muscles

Previously reported alterations in the composition of

increased resistance of muscle constituents and PV– ⁄ –
fast-twitch muscle to fatigue [5,6,16] were in line with

the conversion of a fast- to a slow-twitch muscle,

and similar to the effects detected after chronic low-

frequency stimulation (CLFS) of a fast-twitch muscle

[17]. In contrast to CLFS, all muscle type specific com-

ponents investigated so far, troponin T [5] and myosin

heavy chain isoforms [16], were found to be of the

fast-type in PV– ⁄– fast-twitch muscles. In addition, the

total activity of sarcoendoplasmic reticulum Ca2+-

ATPase (SERCA) was unchanged [16]. The increased

mitochondrial volume in PV– ⁄ – EDL [6] prompted us

to analyze, in detail, mitochondrial alterations and to

investigate the presence of additional putative com-

pensation mechanisms in PV– ⁄ – fast-twitch muscles.

Tibialis anterior (TA) was selected, which contains a

majority of fast-twitch PV-positive fibers and high

Fig. 1. Immunohistochemistry and western blot analysis for parval-

bumin (PV) in tibialis anterior (TA), adductor longus (AL) and soleus

(SOL) in an adult wild-type (WT) mouse. The percentage of

PV-immunostained (dark) fibers is much higher in TA than in SOL.

This is reflected by the stronger PV signal in the western blots

(lower part) of protein extracts from the fast-twitch muscles, TA

and AL, in comparison to the slow-twitch muscle, SOL.
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protein levels of PV (Fig. 1). In a few experiments,

adductor longus (AL) was used, another fast-twitch

muscle containing slightly higher levels of type I slow-

twitch fibers compared with TA [18] and comparable

amounts of PV (Fig. 1). In addition, the slow-twitch

muscle, soleus (SOL), mainly composed of slow PV-

negative type I fibers, expressing significantly less PV

(Fig. 1), was analyzed.

2D gel electrophoresis (Fig. 2) was carried out to

compare protein expression patterns between PV– ⁄–
and WT TA. No significant differences in protein pro-

files were observed, with the exception of the missing

spot corresponding to PV in PV– ⁄ – samples (Fig. 2).

Several proteins were identified by comparison of 2D

gels with a 2D gel of mouse gastrocnemicus muscle,

available on the Expasy database (Table 1). The analy-

sis was focused on the fiber-specific myosin light chain

(MLC) isoform pattern and on two proteins implicated

in muscle metabolism (creatine kinase and b-enolase).
Significant differences between TA and SOL were evi-

dent (Fig. 2C,D). While fiber specific isoforms MLC1

and MLC2 are present both in TA and SOL, MLC3 is

restricted to fast-twitch fibers, the weak signal in SOL

probably the result of a small percentage of fast fibers

in SOL. Although absolute levels of MLC3 and PV

are much higher in TA than in SOL, the ratio of the

two proteins in each of the two muscles seemed to be

constant (Fig. 2C). A high degree of homology

between short segments of putative promoter regions

of the PV and MLC3F gene has been previously

observed. A segment of 32 bp was identical in both

genes and, based on these findings, the authors pro-

posed that the expression of PV and MLC3F might be

regulated in a similar way [19]. When comparing the

MLC region of the 2D gels between TA from PV– ⁄ –
and PV+ ⁄+ mice, the pattern is virtually identical

with the exception of the lack of the PV spot in PV– ⁄ –
mice (Fig. 2A–C). This indicates that expression of

fiber type specific MLC isoforms is not affected by PV

deficiency, in line with previous findings that a lack of

PV does not change the myosin heavy chain pattern

[16]. Also, two cytosolic enzymes – creatine kinase and

b-enolase – involved in muscle metabolism are easily

identified on 2D gels. While signals in TA from PV– ⁄–
and WT were of similar size (even slightly stronger in

PV– ⁄ – TA), the signals in SOL were much weaker

(Fig. 2D). Proteomic analysis of fiber specific proteins

was complemented by western blot analysis and

RT-PCR of troponin I fast (TnIfast) isoform and SER-

CA2a, respectively. No changes in the protein expres-

sion levels of TnIfast were observed in TA of either

genotype (Fig. 3A). As SERCA2a, expressed in slow-

twitch type I fibers [20], exhibits high plasticity after

Fig. 2. 2D gel electrophoresis of protein extracts of tibialis anterior

(TA) from (A) wild-type (WT) (+ ⁄+) and (B) parvalbumin (PV)– ⁄ –
mice. Isoelectric focusing was carried out between pH 3 and 10,

and the second dimension was run on a 9–16% gradient SDS poly-

acrylamide gel. Identified proteins are numbered from 1 to 7 and

details are found in Table 1. The most striking difference is spot 4

(PV), which is missing on the gel of the PV– ⁄ – sample (circle). (C)

The region (approximate range: molecular mass 10–25 kDa, pI 4.2–

5.2) containing myosin light chain (MLC) isoforms 1, 2, 3, and PV,

are shown for TA from WT (+ ⁄+) and PV– ⁄ – mice and from WT

SOL. The main differences between TA and SOL are the signifi-

cantly smaller spots 4 (PV) and 3 (MLC 3) in SOL. Both spots (MLC

3: left; PV: right) are marked by circles. (D) The region consisting of

creatine kinase (spot 6; lower lanes) and b-enolase (spot 7, upper

lanes) of the same samples as in (C) is shown. Signal intensities in

PV– ⁄ – TA are as in WT TA, not as in WT SOL.
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CLFS of a fast-twitch muscle [21], RT-PCR was

carried out to detect putative changes of SERCA2a

mRNA levels in the TA and AL of PV– ⁄ – mice. The

optimal number of PCR cycles was found to be 27 for

SERCA2a mRNA in TA and AL (data not shown),

where differences in input mRNA were related directly

to the amounts of PCR amplicon. The signal in AL

was clearly stronger than in TA (Fig. 3B), which is in

line with previous findings that (a) expression levels of

SERCA2a are low in fast-twitch muscles [22] and (b)

AL contains more slow-twitch fibers than TA [18]. As

a control for input mRNA levels, RT-PCR for glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) was

carried out. In neither TA nor AL were significant dif-

ferences in SERCA2a levels detected between PV– ⁄ –
and WT samples, further indicating that all fiber-type

specific components of the contractile complex, and

also endoplasmic reticulum proteins involved in Ca2+

homeostasis, are not affected by the absence of PV.

Mitochondrial proteins are affected differently

by PV deficiency in fast-twitch muscles

Quantitative western blot analysis (Fig. 4A) revealed

that the cytochrome c oxidase subunits I and Vb

(COX I and COX Vb, encoded by mitochondrial and

nuclear DNA, respectively), as well as cytochrome c,

were significantly up-regulated in TA muscles of

A

B

Fig. 3. (A) Western blot analysis of the fast isoform of troponin I

(TnIfast) in tibialis anterior (TA) of wild-type (WT) (+ ⁄+) and parvalbu-

min (PV)– ⁄ – (n ¼ 3) mice. No differences were observed between

the two genotypes. (B) RT-PCR for the slow-twitch muscle isoform

sarcoendoplasmic reticulum Ca2+-ATPase 2a (SERCA2a) in TA

(upper panel) and in adductor longus (AL; lower panel). As a

control for input RNA, glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) RT-PCR was used as a control. No significant differences

between WT and parvalbumin (PV)– ⁄ – mice were observed (n ¼ 3

animals for each genotype).
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Fig. 4. Quantitative western blot analysis of the mitochondrial pro-

teins cytochrome c oxidase subunits I and Vb (COX I and COX Vb,

respectively), cytochrome c (Cyt c) and the beta subunit of the

F1-ATPase isolated from tibialis anterior (TA). Mean protein levels of

the four proteins in wild-type (WT) (+ ⁄+) mice were set to 100%.

(A) Western blot signals (as determined using the ECL chemilumi-

nescence method) from three individual mice from each genotype.

Direct images were obtained from Phosphoimager. (B) Quantitative

analysis of four to nine mice per genotype, and samples, were

quantified from three independent western blot membranes. Values

represent the mean ± SEM. P-values were calculated using

the Student’s t-test [WT vs. parvalbumin (PV)– ⁄ –] and are < 0.01

(COX I), < 0.001 (COX Vb), < 0.005 (Cyt c) and < 0.05 (F1-ATPase).

Table 1. Proteins identified on 2D gels by comparison with a web-

based database. Protein spots were assigned by comparison with a

2D database of mouse gastrocnemius muscle (http://lsexpasy.org/

cgi-bin/map2/def?MUSCLE_MOUSE). The standard 2D pattern was

calibrated by the theoretical Mr ⁄ pI values of identified proteins.

Mr ⁄ pI values listed in the Table were estimated from calibrated

gels.

Spot

no.

Protein

identification

SWISS-PROT

accession number Mr (Da) pI

1 Myosin light chain 1 P05977 18 941 5.07

2 Myosin light chain 2 P97457 16 642 4.66

3 Myosin light chain 3 P05978 14 310 4.48

4 Parvalbumin P32848 12 305 4.84

5 F1-ATPase b-subunit P19511 51 080 5.05

6 Creatine kinase, M chain P07310 41 171 6.65

7 b-enolase P21550 46 858 6.54
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PV– ⁄ – mice (Fig. 4B). These results support the

morphometric results of an increase in mitochondrial

volume and indicate that the expression of several pro-

teins, encoded by both the mitochondrial and the nuc-

lear genome, is affected by a lack of PV. Interestingly,

the increase in protein expression levels of F1-ATPase

b between WT and PV– ⁄ – muscles (12%) was much

less pronounced than for both COX isoforms (44%

and 71% increase for COX I and COX Vb, respect-

ively) and for cytochrome c (34%). Ca2+ signals play

an important role in the regulation of gene expression

in excitable tissue [11]. Increased transcription of the

cytochrome c gene has been described after incubation

of myotube cultures with the Ca2+ ionophore, A23187

[23]. In addition, increased transcription of mitochond-

rial genes has been observed as the result of permanent

activation of some components of Ca2+ signaling

pathways [13,14,24]. Based on this, we hypothesized

that the prolongation of Ca2+ transients observed in

PV– ⁄ – muscles might differentially affect Ca2+ signa-

ling pathways, the best characterized in muscle being

the CaN and the calmodulin-dependent kinase II

(CaMKII) pathways. Quantitative RT-PCR revealed

that the CaN signal was elevated: 132 ± 5% vs.

100 ± 8% (mean ± SEM; P < 0.05) for PV– ⁄ – and

WT, respectively (n ¼ 4 mice per genotype). In addi-

tion, CaN activity was doubled in extracts from PV– ⁄ –
TA compared with WT: 212 ± 43% vs. 100 ± 27%,

respectively (mean ± SEM; P < 0.05, n ¼ 9 animals

per genotype). Moreover, increases for CaMKII RT-

PCR signals were detected [123 ± 11% vs. 100 ± 2%

(mean ± SEM; P < 0.05) for PV– ⁄ – and WT, respec-

tively; n ¼ 6 and 7 animals, respectively]. We conjec-

tured that the alteration in Ca2+ transients and Ca2+

signal transduction pathway observed in PV– ⁄ – mus-

cles might be sufficient to induce the transcription of

genes encoding mitochondrial proteins. To test this

hypothesis, we determined the mRNA levels for

COX I, COX Vb and F1-ATPase b. The levels of

F1-ATPase b mRNA were not significantly different

between the TA of WT and PV– ⁄ – (ratio PV– ⁄ – :

WT ¼ 0.95; not significant), in accordance with the

almost unchanged protein levels described above.

Although the protein levels of both COX I and COX

Vb were increased in the TA of PV– ⁄ – mice, only

insignificant increases in COX mRNA levels, in the

order of 5%, were observed (Fig. 5). These observa-

tions are compatible with an altered post-transcrip-

tional regulation of expression of COX I and Vb in

PV– ⁄ – and WT TA. This raised the question of whe-

ther such a regulation was specific for PV– ⁄ – fast-

twitch muscles, or if such differences in the regulation

also existed in different muscle types.

Mitochondrial protein levels are differently

regulated in various muscle types and liver

The regulation of COX I, COX Vb and F1-ATPase b
in different muscle types and in a nonmuscle tissue

(liver) was investigated. Protein and mRNA levels of

COX I, COX Vb and F1-ATPase b were quantified in

TA, SOL, heart and liver. Western blot analysis

revealed highly significant [two-way analysis of vari-

ance (anova), all P < 0.001] differences in COX I,

COX Vb and F1-ATPase b protein levels among fast-

twitch, slow-twitch, heart muscle and liver (Fig. 6,

Table 2). The highest levels of COX I and COX Vb

were found in heart, followed by SOL, with TA having

the lowest expression levels. This is directly correlated

with the different amounts of mitochondria present in

these muscles. On the other hand, COX I mRNA lev-

els were almost identical in the three muscle types,

although protein levels were increased by 35% and

approximately fivefold in SOL and heart, respectively,

when compared with TA. Very similar results were

also found for COX Vb protein and mRNA levels, as

well as for F1-ATPase b (TA, SOL and heart, Fig. 6

and Table 2). Yet another situation was observed in

liver; mRNA levels of all three investigated proteins

(Fig. 6) were significantly lower in liver (on average

only � 20% in comparison to TA), while protein levels

were comparable to those found in TA (Fig. 6 and

Table 2).

Fig. 5. Northern blot analysis of cytochrome c oxidase (COX) I,

COX Vb and F1-ATPase from total RNA isolated from tibialis anter-

ior (TA) of wild-type (WT) (+ ⁄+) and parvalbumin (PV)– ⁄ – mice. As

a loading control, the methylene blue-stained membrane after RNA

transfer is shown. No significant differences in the mRNA levels of

all three genes were detected.
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A final comparison between the mRNA and protein

levels of COX I, COX Vb and F1-ATPase b, between
SOL and TA on the one hand and between PV– ⁄ – and

WT TA on the other, revealed striking similarities.

There were almost no differences in the mRNA and

protein levels of both COX isoforms between WT SOL

and PV– ⁄ – TA. In both cases, COX Vb was up-regula-

ted more (+53% and +71% in WT SOL and PV– ⁄ –
TA, respectively) than COX I (+35% vs. +44%). The

increase in protein levels of F1-ATPase b was much

less pronounced (+13%; WT SOL vs. +11%; PV– ⁄ –
TA), but was almost identical in the two samples.

Thus, the biogenesis of mitochondria resulting from

the absence of PV in fast-twitch PV– ⁄ – TA is not the

result of a simple increase of all mitochondrial constit-

uents. Based on the increased mitochondrial volume in

PV– ⁄ – TA described previously (+85%) [6], the

increase in surface is estimated to be in the order of

50%, conjecturing the mitochondrial shape to be ellip-

soid. To substantiate whether this assumption also

holds true for the inner mitochondrial membrane with

its complex geometry, the cardiolipin content, a mar-

ker of the inner mitochondrial membrane, was estab-

lished. An increase of � 40% in PV– ⁄– TA membranes

was found when compared with WT (2.89 ± 0.21 vs.

2.06 ± 0.32 nmol cardiolipin per mg of total phos-

pholipid phosphate, respectively; P < 0.01; n ¼ 4 mice

per genotype). An up-regulation of that order is found

for both COX isoforms, as well as for cytochrome c.

On the other hand, the up-regulation of F1-ATPase b
was clearly smaller and comparable to the composition

of SOL mitochondria, indicative of a regulated mech-

anism, as discussed below. In addition, the fact that

protein levels of COX I and COX Vb, but not mRNA

levels, are increased in SOL and PV– ⁄– TA suggest

that these differences are the result of translational,

rather than transcriptional, control.

Fig. 6. Western blot and northern blot analysis of cytochrome c

oxidase (COX) I, COX Vb and F1-ATPase of adult (2–4 months

old) wild-type (WT) mice. Either total RNA or protein extracts from

tibialis anterior (TA), soleus (SOL), heart (H) or liver (L) were ana-

lyzed. In the northern blot, the methylene blue-stained membrane

after RNA transfer is shown. The striking differences in the ratio

between mRNA and protein signals in the different tissues is

indicative of complex regulation (see the Results and Discussion

sections).

Table 2. Relative amounts of cytochrome c oxidase (COX) I, COX Vb and F1-ATPase subunit b protein and mRNA in tibialis anterior (TA),

soleus (SOL), heart and liver. The concentrations of COX I, COX Vb and F1-ATPase subunit b were determined by quantitative western blot

analysis using membrane protein fractions. Specific signals were evaluated by Phosphoimager analysis (Bio-Rad) and the relative concentra-

tion of each protein is expressed as a percentage relative to the mean value observed in TA. The mRNA concentration was determined by

northern blot analysis using total RNA (20 lg of total RNA for each tissue); the TA signal was defined as 100%. The two values for the nor-

thern blots were obtained from two independent experiments. For muscle samples, tissue from three animals were pooled, thus the two

values represent the mean of two · three mice. Western blot results are least-square means (corrected for missing values) + 1 SE for a

sample size of four to eight animals and from two or more independent experiments. SE values were calculated based on the residuals from

the two-way analysis of variance (ANOVA). Capital letters indicate the results of the Waller-Duncan k-ratio test; mean values labeled with dif-

ferent letters are significantly different from each other (P < 0.05).

Tissue

Gene

COX I COX Vb F1-ATPase

Protein mRNA Protein mRNA Protein mRNA

TA 100 + 5 C 100 100 + 10 B 100 100 + 8 B 100

SOL 135 + 13 B 102 153 + 31 B 113 113 + 4 B 134

104 113 172

Heart 457 + 46 A 103 544 + 82 A 121 393 + 58 A 181

104 127 133

Liver 111 + 4 C 20 141 + 8 B 18 146 + 22 B 14

14 24 32
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ATP content in fast-twitch muscle is affected

by PV deficiency

Not only the volume and biochemical composition of

mitochondria, but also the concentrations of ATP and

phosphocreatine, are different between fast- and slow-

twitch muscles [25]; ATP values are � 60% higher in

EDL than in SOL. Analyses of ATP levels in TA and

SOL from WT yielded similar results: 2.52 ± 0.25 vs.

1.28 ± 0.26 lmol ATPÆg)1 wet weight of muscle

(P < 0.02) (i.e. an increase of almost twofold). While

ATP levels in PV– ⁄ – SOL (1.31 ± 0.04) were indistin-

guishable from those of WT SOL, the ATP levels in

PV– ⁄ – TA (1.57 ± 0.29) were clearly lower than in

WT TA (P < 0.05), yet not statistically different from

those in either WT or PV– ⁄ – SOL.

Discussion

Skeletal muscle fibers display a large degree of plasti-

city [7,26], including rearrangement of gene expression

of myofibrillar and other protein isoforms (such as

mitochondrial proteins), and may result in fiber type

transitions. This process occurs in a sequential order

and has been shown to be regulated by the EF-hand

Ca2+ binding protein calmodulin, via CaN-dependent,

calmodulin-dependent protein phosphatase [13,27–29]

and CaMK pathways [14]. Evidence has accumulated

that the transcription of fiber specific proteins and mito-

chondrial proteins is regulated by two distinct path-

ways, although both processes are initiated by Ca2+

signals [14]. In contrast to CLSF, where changes in fi-

ber type specific proteins and mitochondrial proteins

are observed, the lack of PV in the fast-twitch muscles

of PV– ⁄ – only induced the latter process [6] and here

we show that also MLC isoforms are not changed in

PV– ⁄ – TA. Unaltered mRNA levels of TnIfast and the

slow isoform, SERCA2a, together with previous results

[5,6,16], clearly demonstrate that signaling pathways

linked to fiber specific isoforms are not activated in

PV– ⁄ – fast-twitch muscles. Additionally, the investi-

gated enzymes involved in muscle metabolism, creatine

kinase and b-enolase were found, in PV– ⁄ – TA, to be

expressed at levels found in WT TA and not at much

lower levels, as seen in SOL. These findings further

support the presence of distinct pathways regulating

fiber specific isoforms and metabolic enzymes, on the

one hand, and mitochondrial biogenesis, on the other.

Renewed interest in mitochondria was brought

about by the recognition of their role in apoptosis [30],

Ca2+ homeostasis [31] and signal transduction [32]. In

skeletal muscles, mitochondria provide most of the

energy under aerobic conditions and display relatively

high plasticity [8,33]. Significant variations in the oxi-

dative capacity of different muscles exist in order to

meet their physiological demands. Heart muscle exhib-

its the highest content of mitochondria, as well as the

largest oxidative capacity, as a result of the permanent

workload. Slow-twitch muscles involved in posture and

endurance performance contain significantly fewer

mitochondria than heart muscle, but still more than

fast-twitch muscles that are optimized for short, rapid

movements. In addition to muscle-specific differences

in mitochondrial volume, the oxidative capacity of

muscles is also affected by physiological conditions,

such as chronic exercise or contraction activity.

Increased oxidative capacity of muscles is normally

associated with an increase of mitochondrial density,

and mitochondrial biogenesis has been observed after

chronic exercise and CLFS of fast-twitch muscle [34].

Mitochondrial biogenesis requires the coordinated

expression of gene products encoded by mitochondrial

DNA and nuclear DNA, with the appropriate stochio-

metry of all mitochondrial proteins [33]. Based on the

twofold increase in mitochondrial volume in PV– ⁄–
fast-twitch muscles [6] we addressed the question of

whether the profile of selected mitochondrial proteins

corresponds to the one observed in either fast- or

slow-twitch muscles. Beforehand, we evaluated whether

such differences at the level of mRNA or protein exis-

ted between mitochondria from fast-twitch (TA) or

slow-twitch (SOL) muscles and in two other tissues –

heart muscle and liver. Significant differences in pro-

tein and ⁄or mRNA levels of COX I, COX Vb and

F1-ATPase b in the four tissues – TA, SOL, heart and

liver – are indicative of a complex regulation, probably

involving post-transcriptional regulation.

Evidently, mRNA and protein levels of the above

proteins in PV– ⁄ – TA were of major interest: mRNA

levels of both COX species were identical as in WT

SOL and TA, while protein expression levels were

practically identical to those in WT SOL (i.e. signifi-

cantly higher than in WT TA). Thus, PV deficiency

induces regulated mitochondrial biogenesis of ‘slow-

twitch’ mitochondria in TA, resulting in a mitochond-

rial volume and a biochemical composition as found in

slow-twitch muscle. Also with respect to ATP content

in a resting muscle, which is apparently regulated by

the muscle-type specific mitochondria, TA from PV– ⁄–
has properties like a slow-twitch muscle. Mitochondria

in different tissues are tailored to meet both metabolic

and signaling needs with respect to the expression

levels of individual mitochondrial proteins. By pro-

teomics, significant differences in the abundance of

mitochondrial proteins in mitochondria from brain,

heart, kidney and liver were observed [35]. Our results
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indicate that the same holds true for fast- and slow-

twitch muscles.

Recently, mitochondria have regained much interest

as temporary Ca2+ stores, as opposed to the classical

role in energy metabolism [36], also in muscles. A sig-

nificant contribution of mitochondria in the muscle

relaxation of fast-twitch muscles, [37] and even more

importantly in slow-twitch muscles [38,39], has been

demonstrated. During a single twitch in TA recorded

in vivo, mitochondria take up Ca2+ with a delay of

� 20 ms as compared to rises in [Ca2+]i, and peak

[Ca2+]m was reached during the relaxation phase.

Thus, the effect of mitochondria on [Ca2+]i is very

similar to the role of PV (i.e. to promote an increase

in the initial rate of [Ca2+]i decay). The up-regulation

of mitochondria in PV– ⁄ – TA might thus be viewed as

a homeostatic compensation mechanism with kinetic-

ally similar characteristics as PV. Indirect functional

evidence for mitochondria contributing to Ca2+

removal in PV– ⁄ – TA has been presented previously

[6]. Besides the predicted slowing of the initial [Ca2+]i
decay phase in PV– ⁄– TA, the kinetics of Ca2+ tran-

sients at later time-points (200–700 ms) were altered.

Differences were not in the expected direction (i.e. a

slower decay at later time-points) [40,41], but after

200 ms, [Ca2+]i was even lower than before the sti-

mulation, resulting in negative D[Ca2+] values, of

)40 nm, in PV– ⁄ – fast-twitch muscle flexor digitorum

brevis [6]. As the activity of the sarcoplasmic reticulum

Ca2+-ATPase was not different between WT and

PV– ⁄ – samples, the most probable candidate contribu-

ting to enhanced Ca2+ clearance in PV– ⁄ – fast-twitch

muscles was hypothesized to be mitochondria.

Is there further evidence that different types of mito-

chondria are specifically well suited as transient Ca2+

sinks? Results of the mitochondrial F1-ATPase b levels

hint in this direction. A regulation of this protein at

the translational level in adult liver has been documen-

ted by in vitro translation experiments [42]. Compared

with protein increases in the order of 50% in COX I

and Vb levels in WT SOL and PV– ⁄ – TA, increases in

F1-ATPase b were only � 10%. Assuming that transla-

tional regulation is both protein- and tissue-type

dependent, it can adapt the respiratory chain to phy-

siological demands. For example, F1-ATPase protein

levels are strongly reduced in brown fat tissue as a

consequence of translational regulation [43], leading,

together with uncoupler protein (UCP) expression, to

increased heat production. As discussed before, besides

ATP production, transient Ca2+ uptake in excitable

cells (fast-twitch muscle [37], neurons [44]) is an addi-

tional important function of mitochondria. Rapid

Ca2+ uptake occurs via a putative uniporter [45]

driven by the proton gradient established across the

inner mitochondrial membrane by means of a proton

translocating system including the COX complex [31].

Thus, an increased level of COX, and an almost con-

stant level of F1-ATPase observed in WT SOL and

PV– ⁄ – TA, increases the oxidative capacity, which in

turn might lead to a more robust Ca2+ uptake by

these mitochondria, as the uniporter can transport

Ca2+ ions, as long as the mitochondrial membrane

potential is maintained. Nonetheless, the additional

mitochondria in PV– ⁄ – TA do not exactly match, with

respect to the kinetics of Ca2+ uptake, to the situation

present in WT TA, as both [Ca2+]i decay and relaxa-

tion were still slower in PV– ⁄ – than in WT fast-twitch

muscle [6].

How could PV, a soluble cytoplasmic protein, affect

the expression of mitochondrially encoded proteins?

The most obvious explanation is that subtle altera-

tions, in the shape of Ca2+ transients, are sufficient to

regulate mitochondrial biogenesis via Ca2+-dependent

pathways, probably involving CaMKII and CaN-

dependent pathways, in accordance with our RT-PCR

results of increased PCR signals in PV– ⁄ – TA. The

twofold increase also observed in CaN activity sup-

ports a prominent role for the CaN-mediated pathway

in this process. Two lines of evidence indicate that the

inverse regulation of PV and mitochondrial volume is

a universal one, namely (a) ectopic expression of PV in

the slow-twitch muscle SOL led to a decrease in succi-

nate dehydrogenase activity [46] possibly a result of

decreased mitochondria, and (b) the mitochondrial vol-

ume of striatal neurons ectopically expressing PV was

reduced to almost half of the volume measured in WT

neurons [47]. The exact signal(s) influenced by the lack

of PV, which is transmitted to mitochondria affecting

mitochondrial translation, is currently unknown. This

is not specific for the situation in PV– ⁄– cells, but is

also generally a still open question. In addition, our

results indicate that translation and other post-

transcriptional processes play an important role in the

control of muscle fiber type differences, and in mito-

chondrial biogenesis in adult muscle.

Experimental procedures

Animals

PV-deficient mice were generated by homologous recombi-

nation, as described previously [5]. Adult (3–6 months old)

male mice of both genotypes (WT and PV– ⁄ –) were used in

this study. Appropriate measures were taken to minimize

pain and discomfort of the animals used in this study. All

experiments were performed in accordance to the European
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Committee Council Directive of November 24, 1986 (86/

609/EEC) and the Veterinary Office of Fribourg. Mice were

deeply anesthetized by the inhalation of carbon dioxide and

briefly perfused transcardially by ice-cold NaCl ⁄Pi (PBS).

The muscles TA, AL and SOL, as well as heart and liver,

were immediately dissected, frozen in liquid nitrogen and

stored at )70 �C until required for analysis. Tissue used for

RNA isolation was dissected from mice perfused with ster-

ile ice-cold NaCl ⁄Pi prepared with diethyl pyrocarbonate-

treated water. Muscles intended for immunohistochemistry

were dissected from mice perfused first with NaCl ⁄Pi and

then with 4% paraformaldehyde. Dissected muscles were

fixed additionally by immersion in 4% paraformaldehyde

for 24 h and then washed in NaCl ⁄Tris (TBS).

Quantitative western blot analysis

Unless stated otherwise, chemicals were obtained from

Sigma-Aldrich (Buchs, Switzerland). Membrane protein

fractions were prepared by homogenization of tissue in

homogenization buffer [10 mm Tris ⁄HCl, 1 mm EDTA,

pH 7.4, and one tablet of protease inhibitor cocktail

(Roche, Rotkreuz, Switzerland) added per 10 mL of buffer,

just prior to use] using a Polytron homogenizer. Cell mem-

branes were sedimented by centrifugation at 30 000 g for

30 min, resuspended in homogenization buffer and once

more sedimented by centrifugation at 30 000 g for 30 min.

Membrane pellets were resuspended in 1% SDS and mem-

brane proteins were solubilized by the addition of 10% SDS

to a final concentration of 5.5%. Total tissue extracts were

prepared by homogenization of muscles in RIPA buffer

[1 · NaCl ⁄Pi, 1% (v ⁄ v) Nonidet P-40, 0.5% (w ⁄ v) sodium

deoxycholate, 0.1% (w ⁄ v) SDS and one tablet of protease

inhibitor cocktail (Roche) added per 10 mL of buffer just

prior to use). Protein concentration was determined by the

protein Dc assay kit (Bio-Rad, Glattbrugg, Switzerland).

Membrane protein fractions (in the case of COX I, COX

Vb and F1-ATPase) and total muscle extracts (in the case of

TnIfast and cytochrome c) were used for quantification. Pro-

teins (25 lg) were separated by SDS ⁄PAGE, then trans-

ferred onto nitrocellulose membranes by using a semidry

transfer protocol. The membranes were controlled for even

load and possible transfer artifacts by staining with Ponceau

Red solution. After blocking with a 10% (w ⁄ v) solution of

nonfat milk in NaCl ⁄Tris containing 0.05% (v ⁄ v) Tween 20

(TBS-T buffer), membranes were incubated with pri-

mary antibodies against either COX I (1D6; 1 lgÆmL)1;

Molecular Probes, Leiden, the Netherlands), COX Vb

(6E9; 2 lgÆmL)1; Molecular Probes), F1-ATPase b (3D5;

0.2 lgÆmL)1; Molecular Probes), cytochrome c (7H8.2C12;

1 lgÆmL)1; BD PharMingen, Basel, Switzerland), fast tropo-

nin I (sc-8120; 1 : 1000 dilution; Santa Cruz Biotechnology,

Santa Cruz, CA, USA) or PV (PV-4064; 1 : 3000 dilution;

Swant, Bellinzona, Switzerland) for 90 min. All antibodies

used were dissolved in TBS-T containing 1% (w ⁄ v) prote-

ase-free BSA. Incubation of membranes with primary anti-

bodies was followed by extensive washing using TBS-T and

consequently by the incubation of membranes with appro-

priate secondary biotinylated antibodies (1 : 10 000 dilution;

Vector Laboratories, Burlingame, CA, USA). After

extensive washing, membranes were incubated with avidin-

biotin conjugated peroxidase (Vector Laboratories)

solution in TBS-T and washed again. The bands corres-

ponding to particular proteins were visualized and quanti-

fied by the Molecular Imager (Bio-Rad) using the ECL

chemiluminescence method (Pierce, Perbio Science, Lau-

sanne, Switzerland).

2D gel electrophoresis

2D gel electrophoresis was performed according to Langen

et al. [48] with modifications. Samples were prepared by

homogenization of muscles in 2D sample buffer [7 m urea,

2 m thiourea, 4% (w ⁄ v) CHAPS, 1% (w ⁄ v) dithioerythritol,
20 mm Tris, 0.02 (w ⁄ v) Bromophenol blue, 1 mm EDTA,

one tablet of protease inhibitor cocktail (Roche) per 10 mL

of sample buffer added just prior to use]. Protein concen-

tration was determined by the Bradford assay (Bio-Rad).

Proteins (0.75 mg) were first separated by isoelectric focus-

ing on Immobiline Drystrips (Pharmacia, Amersham Bio-

sciences Europe GmbH, Switzerland) with an immobilized

linear pH gradient of 3 to 10. The next step comprised

separation on a linear gradient of a 9–16% polyacrylamide

gel. The gels were stained by Coomassie Blue R)250.

RNA isolation and RT-PCR

Total RNA was isolated using the guanidinium isothio-

cyanate method, according to Chomczynski & Sacchi [49].

Total RNA (1 lg) was reverse transcribed using the first-

strand cDNA synthesis kit for RT-PCR (Roche). cDNA,

corresponding to 0.2 lg of initial total RNA, was used in

PCR reactions. Sequences of primers used for amplification

of particular mRNAs are listed in Table 3. cDNA was

amplified in standard PCR reaction buffer (Finnzymes, Bio-

Concept, Allschwil, Switzerland) containing 0.2 mm each

dNTP, 0.6 lm of each specific primer and 1 IU of Taq

polymerase (Finnzymes). After initial denaturation at 94 �C
for 3 min, cDNA was amplified using the optimal number

of PCR cycles (midpoint of the logarithmic range). This

was 27 cycles (in the case of SERCA 2a), 28 cycles (CaN),

35 cycles (CaMKII) or 25 cycles (GAPDH), consisting of

denaturation at 94 �C for 20 s, annealing at 60 �C (SERCA

2a, GAPDH), 58 �C (CaN) or 55 �C (CaMKII) for 40 s,

and an elongation step at 72 �C for 40 s. The final elonga-

tion step was carried out at 72 �C for 10 min. The PCR

products were analyzed by electrophoresis on 2% agarose

gels, and the ethidium bromide-stained bands were com-

pared with marker bands of known sizes. Estimated sizes of

amplified fragments were compared with the expected sizes
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calculated from the gene bank databases. For quantitative

RT-PCR analyses, images of CaN, CaMKII and GAPDH

amplicons from the same sample were acquired with a

charge-coupled device (CCD) camera and analyzed quanti-

tatively using the Gene Tools (Syngene, Cambridge, UK)

software. For each sample, the CaN ⁄GAPDH and CaM-

KII ⁄GAPDH ratios were calculated and the mean value of

the WT group was set at 100%.

Northern blot analysis

RNA was separated by denaturing electrophoresis on for-

maldehyde-containing 1% agarose gels, then transferred

onto positively charged nylon membranes (Roche) using

the capillary downstream method. Membranes were con-

trolled for even load and possible transfer artifacts by

staining with methylene blue solution. The positions of

18S and 28S rRNA were marked on the membranes in

order to estimate molecular sizes of particular signals.

Membranes were prehybridized in ExpressHyb solution

(Clontech, Basel, Switzerland) for 30 min at 58 �C and

then hybridized with digoxigenin (DIG)-labeled cDNA

probes for 60 min at 58 �C. All probes used in the study

were synthesized by amplification of muscle cDNA using

the kit for DIG-labeling of PCR probes (Roche) applying

the manufacturer’s protocol. Sequences of all primers are

listed in Table 3. After hybridization, membranes were

first washed twice with 0.1% (w ⁄ v) SDS in 1 · NaCl ⁄Cit
for 15 min at room temperature. The next step comprised

a washing step with 0.1% (w ⁄ v) SDS in 0.1 · NaCl ⁄Cit
for 15 min at 55 �C. After washing, membranes were rin-

sed briefly in maleic acid buffer (0.1 m maleic acid,

0.15 m NaCl, pH 7.5) and then blocked in 1% (v ⁄ v)
blocking reagent (Roche) solution in maleic acid buffer

for 30 min at room temperature. Membranes were then

incubated with anti-DIG immunoglobulin conjugated

to alkaline phosphatase (1 : 4000 dilution; Roche) for

30 min. Membranes were washed twice with 3% (v ⁄ v)
Tween-20 solution in maleic acid buffer for 15 min and

then preincubated in detecting buffer (0.1 m Tris ⁄HCl,

0.1 m NaCl, pH 9.5) for 5 min. Finally, membranes were

incubated in detecting buffer containing CDP-star sub-

strate (1 : 100; Roche). The bands corresponding to par-

ticular mRNAs were visualized and quantified by the

Molecular Imager using the chemoluminescence screen

(Bio-Rad).

Immunohistochemistry

Muscles were embedded in paraffin, cut to 5 lm sections

and mounted on microscope glass supports. After deparaffi-

nization, slices were rehydrated in NaCl ⁄Tris and incubated

with polyclonal anti-PV (PV-4064; 1 : 3000 dilution; Swant)

for 24 h at 4 �C. After washing with TBS, sections were

incubated with goat anti-rabbit biotinylated immunoglob-

ulin (Vector) overnight at 4 �C. Secondary antibodies were

removed by washing with NaCl ⁄Tris and incubated with

avidin-biotin conjugated peroxidase (Vector) for 2 h at

room temperature. After extensive washing with NaCl ⁄Tris,
PV-positive fibers were visualized by incubation of sections

with 3,3¢-diaminobenzidine (DAB) and analysis of immuno-

stained sections.

Cardiolipin measurements

Total lipids were extracted from TA membranes, as previ-

ously reported by Bligh & Dyer [50]. The extracted phosho-

lipids were separated by 2D high-performance thin layer

chromatography (HPTLC) on silica gel HPTLC plates

(Merck). The position of cardiolipin on the plates was identi-

fied by chromatography of a cardiolipin standard (Sigma-

Aldrich). Spots corresponding to cardiolipin were quantified

by analysis of phospholipid phosphorus, as previously des-

cribed by Rouser et al. [51]. The results are expressed as nmol

of cardiolipin per mg of total phospholipid phosphate.

CaN activity assay

CaN activity was measured using the Calcineurin Cel-

lular Activity Assay Kit (Calbiochem, VWR International

AG, CH-6004 Luzern, Switzerland). Briefly, mice were

perfused with NaCl ⁄Tris, and bilateral TA muscle was

excised and rinsed in NaCl ⁄Tris. After homogenization in

Table 3. Sequences of primers used for RT-PCR and synthesis of digoxigenin (DIG)-labeled DNA probes for northern blots. CaN, calcineurin;

CaMKII, calmodulin-dependent kinase II; COX I, cytochrome c oxidase subunit I; COX Vb, cytochrome c oxidase subunit Vb; GAPDH, glycer-

aldehyde-3-phosphate dehydrogenase; SERCA2a, sarcoendoplasmic reticulum Ca2+-ATPase 2a.

Name Forward primer Reverse primer Amplicon size (bp) Detection method

SERCA2a GGC TCC ATC TGC TTG TCC ATG GAA GCG GTT ACT CCA GTA TTG 204 RT-PCR

GAPDH GAG CTG AAC GGG AAG CTC ACT GG GTG AGG GAG ATG CTC AGT GTT GG 429 RT-PCR

CaN AGTAACAATTTTCAGTGCTCCAAAC AATATACGGTTCATGGCAATACTGT 205 RT-PCR

CaMKII CTACCCCGGCGCTGGAGTCAAC TCAGATGTTTTGCCACAAAGAGGTGCCTCCT 530 RT-PCR

COX I CGA GCT TGC TTT ACA TCA GCC TGT GTC ATC TAG GGT GAA GCC 317 Northern blot

COX Vb GGC TTC AAG GTT ACT TCG CGG TGG GGC ACC AGC TTG TAA TGG 371 Northern blot

F1-ATPase b GGC GAA TCG TGG CAG TCA TCG ACC ACC ATG GGC TTT GGC GAC 506 Northern blot
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the supplied lysis buffer, extracts were centrifuged at

45 000 g, free phosphate was removed from the supernatant

using PiBind resin (Innova Biosciences, Babraham Hall,

Barbraham, Cambridge, UK) and CaN activity was meas-

ured according to the manufacturer’s instructions. Total

CaN activity is expressed as a percentage vs. control ani-

mals and is normalized to soluble protein concentration,

measured using the Dc assay (Pierce).

ATP measurements is isolated muscle

Bilateral TA and SOL muscles from NaCl ⁄Pi-perfused mice

(n ¼ 4 mice per genotype) were homogenized in 2.5%

(w ⁄ v) trichloroacetic acid, centrifuged (10 000 g, 4 �C,
10 min) and the resulting supernatant was neutralized using

1 m Tris base (120 lL per 1 mL of supernatant). ATP

measurements were carried out using the ATP Biolumines-

cence Assay Kit CLS II (Roche), according to the manufac-

turer’s instructions. ATP concentrations are expressed as

lmol of ATPÆg)1 wet weight of muscle.

Statistical analysis

Western blot analyses were carried out using SAS version

8.2 (52). For the comparison of protein levels in different

tissues, a two-way anova test on log-transformed western

blot data was performed. Additionally, the Waller-Duncan

k-ratio test was carried out to test for pairwise differences

in protein levels between tissues. For simple comparison of

two groups (WT vs. PV– ⁄ –), the Student’s t-test was used.

Significance levels were set at P < 0.05.
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