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ABSTRACT: Muscle disuse induces a wide array of structural, biochemical, and neural adaptations in skeletal muscle, which

can affect its function. We recently demonstrated in patients with an orthopedic injury that cast immobilization alters the

resting Pi content of skeletal muscle, which may contribute to loss of specific force. The goal of this study was to determine

the direct effect of disuse on the basal phosphate content in skeletal muscle in an animal model, avoiding the confounding

effects of injury/surgery. 31P and 1H MRS data were acquired from the gastrocnemius muscle of young adult mice (C57BL6

female, n¼ 8), at rest and during a reversible ischemia experiment, before and after 2 weeks of cast immobilization. Cast

immobilization resulted in an increase in resting Pi content (75%; p< 0.001) and the Pi to phosphocreatine (PCr) ratio (Pi/

PCr; 80%, p< 0.001). The resting concentrations of ATP, PCr and total creatine (PCrþ creatine) and the intracellular pH

were not significantly different after immobilization. During ischemia (30 min), PCr concentrations decreased to 54� 2%

and 52� 6% of the resting values in pre-immobilized and immobilized muscles, respectively, but there were no detectable

differences in the rates of Pi increase or PCr depletion (0.55� 0.01 mM min�1 and 0.52� 0.03 mM min�1 before and after

immobilization, respectively; p¼ 0.78). At the end of ischemia, immobilized muscles had a twofold higher phosphorylation

potential ([ADP][Pi]/[ATP]) and intracellular buffering capacity (3.38� 0.54 slykes vs 6.18� 0.57 slykes). However, the rate

of PCr resynthesis (kPCr) after ischemia, a measure of in vivo mitochondrial function, was significantly lower in the

immobilized muscles (0.31� 0.04 min�1) than in pre-immobilized muscles (0.43� 0.04 min�1). In conclusion, our findings

indicate that 2 weeks of cast immobilization, independent of injury-related alterations, leads to a significant increase in the

resting Pi content of mouse skeletal muscle. The increase in Pi with muscle disuse has a significant effect on the cytosolic

phosphorylation potential during transient ischemia and increases the intracellular buffering capacity of skeletal muscle.

Copyright # 2007 John Wiley & Sons, Ltd.
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INTRODUCTION

Muscle has a tremendous capacity to adapt to changes in its
functional demands, as shown by the desired increases in
strength and endurance that accompany exercise and
training (1). Muscle also adapts to forced inactivity or
disuse, such as occurs during bed rest, microgravity, and
limb immobilization (2). Muscle adaptations to disuse are
characterized by a loss of muscle mass, muscle weakness,
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and a decrease in muscle specific force (force per unit area)
(2,3). There is evidence that neural adaptations contribute
to the decrement in muscle specific force (4), although it
has been postulated that mechanisms distal to the
sarcoplasmic reticulum also play a role (5). We recently
demonstrated in patients with an orthopedic injury that
immobilization in a lower limb cast significantly increases
the resting inorganic phosphate (Pi) content and suggested
that Pi may contribute to the loss in force production
following disuse (6–8). However, in these patients, we
could not isolate the effect of cast immobilization from
potential deleterious side effects of the injury or surgery.
Therefore, this study aims to investigate the effect of cast
immobilization on the resting phosphate content of skeletal
muscle in an animal model (mouse), circumventing the
confounding effect of injury or surgery.

There is substantial evidence from skinned fiber studies
that Pi inhibits muscle force production (9–11). Specifically,
it has been demonstrated that Pi inhibits actomyosin
NMR Biomed. 2008; 21: 101–110



102 N. PATHARE ET AL.
cross-bridge cycling and suppresses muscle force via a shift
in the Ca2þ/force curve (11). Raised concentrations of
phosphate are thought to result in a net shift of cross bridges
from a strongly bound, high-force-producing state to a
weakly bound, low-force-producing state (10). In our
previous investigation, we also examined the inhibitory
effect of Pi on force production in skinned human muscle
fibers and demonstrated that varying the Pi concentrations
within the ranges observed in vivo (4–10 mM) reduces force
production by �16% (8). An increase in resting Pi content
may also have other important functional consequences. A
large number of physiological studies have shown that Pi

plays a regulatory role in mitochondrial oxidative phos-
phorylation (12–14) and is one of the major buffers involved
in the regulation of intracellular pH (pHi) (15,16). 31P MRS
is commonly used to study in vivo oxidative ATP production
and Pi concentrations and to assess the buffering capacity of
skeletal muscle (17,18). Therefore the secondary aim of this
study was to monitor the effect of alterations in resting Pi

content resulting from disuse on the phosphate and pHi

kinetics of immobilized mouse hindlimb muscles during and
after ischemia using high-field 31P MRS.
METHODS

Experimental model of cast immobilization

Animals. Young adult C57BL6 female mice (age 19–
21 weeks; body weight 22–25 g) were studied. The
animals were housed in an AALAC-accredited animal
facility in a temperature (22� 18C), humidity (50� 10%)
and light controlled room (12 h light/dark cycles). The
mice were acclimatized in the animal facility for a week
before the start of the experiment. They were provided
with water ad libitum, and food intake was monitored.

Non-invasive 31P (n¼ 8) and 1H (n¼ 8) MRS measure-
ments were performed on the mouse gastrocnemius
muscle before and after 2 weeks of immobilization.
Biochemical data were acquired in mice immobilized for
2 weeks and in age-matched control healthy mice [ATP in
eight animals (16 hindlimbs per group); total creatine
(TCr) in three animals (six hindlimbs per group)]. All
experimental procedures were approved by the Institu-
tional Animal Care and Use Committee at the University
of Florida.
Casting procedure

Mice were anesthetized with gaseous isoflurane (3%
induction, 0.5–2.5% maintenance), and the hindlimbs
were immobilized as described previously (19). In brief,
both hindlimbs were immobilized with the hip and knee
joints fixed at �1608 and �1808, respectively, and the
ankle fixed at �25–308 of plantar flexion, so that the
Copyright # 2007 John Wiley & Sons, Ltd.
gastrocnemius muscle remained in a shortened position.
The cast consisted of plaster of paris and encompassed
both limbs and the caudal quarter of the body (cranial to
the wings of the ileum). A very thin layer of padding was
placed underneath the plaster of paris to prevent
abrasions. The mice were monitored daily for chewed
plaster, abrasions, venous occlusion, and potential
problems with mobility.
31P MRS

Spectra were acquired using a 11.1 T/470 MHz 40 cm
horizontal bore Bruker Avance spectrometer (Paravision;
V3.0.1) with 12 cm gradients (22 gauss/cm; rise time
170ms) and a custom-built single-tuned 6 mm� 12 mm
oblong 31P (190.5 MHz) surface coil. Mice were anesthe-
tized using gaseous isoflurane (induction 3%; mainten-
ance 0.5–1.5%). The right hindlimb was placed in an
extended position. The 31P surface coil was centered over
the right gastrocnemius muscle. Phantom studies revealed
that, owing to the shallow depth profile of the coil,
31P spectra were primarily acquired from the gastroc-
nemius muscle in vivo. A 3-cm single-tuned 1H surface
coil was placed underneath the hindlimb to provide
anatomical information and localized magnetic field
optimization. Typical line widths were �45 Hz. An
inflatable blood pressure cuff (Harvard; inner diameter
1.5 cm) was placed around the animal’s thigh.

A reversible ischemia model (30 min) was used to
study kinetic changes in the energy-rich phosphate
content and pHi(20). On the basis of a pilot study, the
ischemic period was set at 30 min to induce �50%
depletion in the phosphocreatine (PCr) content and
minimal change in pHi (pHi> 6.9). Spectra were acquired
with a 50ms square pulse, a pulse repetition time (TR) of
2 s, sweep width of 10,000 Hz, and 8,000 complex data
points. To determine the resting phosphate content,
spectra at rest were acquired and signal-averaged over a
10 min period. Subsequently, sequential 31P spectra were
collected in 30 s bins at rest (10 min), during ischemia
(30 min), and throughout the recovery period after the
release of the cuff (30 min).
31P spectral and data analysis. The spectra were
manually phased, and the areas of the g-ATP, Pi, and PCr
peaks were determined using area integration (Xwin;
Bruker, Billerica, MA, USA). Absolute concentrations of
PCr and Pi are expressed as mmol L�1 intracellular water
and were calculated from the PCr/ATP and Pi/ATP ratios
and the biochemically determined ATP concentration
after correction for T1 saturation. pHi was calculated from
the chemical shift of Pi, based on the equation
pH¼ 6.75þ log [(d� 3.27)/(5.69� d)], where d is the
chemical shift of Pi in parts per million (ppm) relative to
PCr. Free cytosolic [ADP] was calculated using the
NMR Biomed. 2008; 21: 101–110
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CHANGES IN Pi WITH DISUSE IN MOUSE SKELETAL MUSCLE 103
creatine kinase equilibrium as described previously (16)
for skeletal muscle, using an equilibrium constant of
1.66� 109 M (21) and a free Mg2þ concentration of 1 mM
(22). The free creatine concentration was calculated by
subtracting the 31P MRS-determined PCr concentration
from the TCr content (determined by two independent
methods: a colorimetric assay of extracted tissue and
in vivo 1H MRS). Intracellular Mg2þ concentration was
taken to be the same in both pre-immobilized and
immobilized muscles, as no significant difference was
detected in the Mg2þ-dependent chemical shift of the
b-ATP peak with immobilization. The cytosolic phos-
phorylation potential was calculated in its reciprocal form
as [ADP][Pi]/[ATP]. The predicted contribution of Pi to
the total muscle buffering capacity was calculated on the
basis of its concentration (millimolar), pKa, and pHi as
described previously (23,24).

Finally, dynamic changes in PCr concentrations were
measured using complex principal component analysis
(25). Kinetic changes in PCr during recovery were fitted
to a single exponential curve using a non-linear
curve-fitting alogrithm, and the pseudo-first-order rate
constant (kPCr) was determined (26).

The initial rate of PCr resynthesis (Vmeas; mM min�1),
starting from the PCr concentration reached at the end of
the ischemic period, was also determined, as a measure of
the oxidative flux in muscle at the onset of recovery
(26,27). Vmeas was determined from the initial three data
points in the recovery. Vmeas was also used to calculate
the apparent mitochondrial capacity, Qmax, based on
the hyperbolic relationship between the Vmeas and the
phosphorylation ratio:

Qmax ¼ Vmeasð1 ¼ Km=½ADP
½Pi
=½ATP
Þ mM min�1

(1)

where Km¼ 0.11 mM.
IH MRS

Localized 1H spectroscopy was performed at 11.1 T using
a custom-built single-tuned 1H loop gap coil (inner
diameter¼ 1.4 cm, 470 MHz) and PRESS (TE¼ 60 ms,
TR¼ 6 s, spectral width¼ 8,000 Hz, and averages¼
300 scans). The typical voxel size was approximately
2.8� 2.4� 1.27 mm3 and was centered in the gastroc-
nemius muscle (see Fig. 3). The localization of this voxel
was guided by gradient-echo images acquired in three
oblique, perpendicular directions (TE¼ 5 ms, TR¼ 200
ms, slice thickness 0.5 mm, matrix size 256� 256, 12
slices). Localized shimming on this voxel was performed
until a maximum line width of less than 30 Hz or
0.063 ppm was obtained.

1H-MRS data were processed with the AMARES
algorithm using the MR user interface (jMRUI) 97.1 (28).
The spectra obtained were apodized with a 5 Hz
Copyright # 2007 John Wiley & Sons, Ltd.
Lorentzian function, and a zero-order and first-order
phase correction were applied. The residual water signal
was removed off-line using HLSVD pre-filtering (29).
The creatine peak at a chemical shift of 3.02 ppm
was fitted assuming a Gaussian line shape model function.
The TCr concentration was quantified from the relax-
ation-corrected ratio of the fitted areas of the creatine
peak to the water peak of the corresponding spectrum,
using a previously validated method (30). The T1 and T2

relaxation times used for signal correction were measured
to be 1.85� 0.10 s and 66.37� 6.03 ms, respectively
(n¼ 5) for creatine methyl protons, and 1.45� 0.05 s and
21.63� 0.51 ms (n¼ 5) for water proton spins at 11.1 T.
During immobilization, we did not detect any significant
difference in the T2 relaxation for water (20.65�
0.42 ms). The concentration of water was assumed to
be equal to 42.4 mol (kg wet weight)�1(30,31). This
concentration was used for both the pre-immobilized and
post-immobilized muscle as we did not detect a
significant difference in the wet to dry weight ratio of
control (n¼ 6; 3.21� 0.47) and immobilized (n¼ 6;
3.17� 0.42) muscles or proton T2.
Biochemical analysis of muscle

At the end of the experiment, mice were euthanized by
cervical dislocation, and gastrocnemius muscles were
excised, snap-frozen, and stored at �808C for subsequent
biochemical quantification of ATP and TCr. ATP
concentrations were determined as described previously
(32). Briefly, tissues (100 mg) were homogenized with a
variable high-speed electric homogenizer (Power Gen
125; Fisher Scientific, Pittsburgh, PA, USA) after the
sample had been placed in a vortex tube filled with 0.9%
perchloric acid (5 volume/weight). After homogeniz-
ation, the sample was centrifuged at 48C (2,500G) for
15 min. The supernatant was extracted and added to 4 M
KOH (1.125 v/w), and the sample was centrifuged at 48C
for 5 min. ATP was determined in the extracted
supernatant using an ATP bioluminescence assay kit
(Sigma).

To measure TCr, muscle samples stored at �808C were
prepared for biochemical analysis by powdering the tissue
under liquid N2 and deproteinization in 0.5 M perchloric
acid/1 mM EDTA (1.0 ml per 50 mg tissue). The
supernatant was then neutralized with 2.1 M KHCO3/
0.3 M MOPS (0.1 ml per 0.5 ml supernatant). The final
supernatant was stored at �808C until analyzed.
Muscle TCr content was measured by a non-enzymatic
spectrophotometric assay described by De Saedeleer and
Marechal (33).

TCr and ATP concentrations were determined in mmol
(g wet weight)�1 and mmol (L tissue)�1, assuming a
muscle density of 1.06 g mL�1(34). These were converted
into mmol L�1 intracellular water assuming a cellular
water fraction of 0.73 (31,35).
NMR Biomed. 2008; 21: 101–110
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104 N. PATHARE ET AL.
Data analysis

All statistical analyses were performed with SPSS for
Windows, Version 11.0.1. Results are expressed as
mean� SEM. Student’s t-tests were used to compare
data before immobilization and at 2 weeks of immobil-
ization. Research hypotheses were tested at an a level of
0.05.
RESULTS

Muscle energetics at rest

Representative 31P spectra acquired at rest from the
mouse gastrocnemius muscle before and after 2 weeks
of immobilization are shown in Fig. 1, and data are
summarized in Table 1. After immobilization, resting Pi

content (75%) and Pi/PCr (80%) were significantly
increased compared with before (p< 0.001; Fig. 2). In
contrast, we did not observe a significant change in the
Figure 1. 31P MRS resting spectra from C57BL6 mouse
gastrocnemius muscle. Data were acquired from the gastroc-
nemius muscle of a representative C57BL6 mouse before
immobilization (PRE IM) and after 2 weeks of immobilization
(POST IM). Note that the spectra illustrated in (B) allow better
visualization of the Pi peak.

Table 1. Resting metabolite content and pHi at rest and
immobilization (PRE IM) and 2 weeks after immobilization

Rest

PRE IM PO

[Pi](mM) 2.64� 0.31 4.6
[PCr] (mM) 34.68� 1.29 32.6
TCr (mM) 44.22� 2.21 42.
Pi/PCr 0.08� 0.01 0.1
pHi 7.19� 0.02 7.1
ADP (mM) 31.97� 4.75 26.4
[ADP][Pi]/[ATP] (mM�) 7.5� 1.8 10.

Values are mean� SEM, obtained from MRS measurements.
aSignificantly different from PRE IM (p< 0.05).

Copyright # 2007 John Wiley & Sons, Ltd.
resting PCr content ( p¼ 0.21) or pHi (p¼ 0.14). 1H MRS
data also showed that there was no significant change
in resting [TCr] with immobilization, which was
confirmed using biochemical analysis (Table 1). [ADP]
and [ADP][Pi]/[ATP] at rest were calculated on the basis
of the creatine kinase equilibrium constant and showed no
significant difference before and after immobilization.
The absence of a difference in TCr content after immo-
bilization was confirmed using biochemical analysis of
extracted tissue (see below).
Muscle energetics during ischemia
and recovery

Dynamic changes in 31P-MRS spectra and the relative
changes in [PCr], Pi/PCr ratio, and pHi in the mouse
gastrocnemius muscle during ischemia and the sub-
sequent recovery period are shown in Figs. 4–6. During
ischemia, there was a rapid decrease in [PCr], such that
at the end of ischemia, PCr concentrations in pre-
immobilized and immobilized muscles were approxi-
mately equal to 50% of their resting values (54� 2% vs
52� 6%). The rate of PCr depletion was similar in both
pre-immobilized and immobilized muscles (0.55� 0.01
vs 0.52� 0.03 mM min�1; p¼ 0.78).

As expected, the decrease in [PCr] during ischemia was
accompanied by a corresponding increase in [Pi], Pi/PCr
(Fig. 6A) and [ADP]. Despite different resting Pi

concentrations, there were no detectable differences
in the rates of Pi increase with immobilization
(0.0376� 0.006 mM min�1 vs 0.0334� 0.11 mM min�1

before and after immobilization, respectively). At the end
of ischemia, the Pi content was increased to 321� 28% and
297� 39% of resting values in pre-immobilized and
immobilized muscles, respectively (Table 1). However,
because of large differences in the initial resting [Pi] in
immobilized muscles, end ischemia Pi concentrations were
significantly different in the two groups. As an additional
consequence, immobilized muscles showed a significantly
at the end of ischemia in C57BL6 mice (n¼8) before
(POST IM)

End of ischemia

ST IM PRE IM POST IM

4� 0.41a 7.92� 1.45 11.31� 2.02a

2� 1.05 18.67� 0.62 15.02� 0.79a

1� 2.88 — —
4� 0.01a 0.42� 0.14 0.75� 0.13a

7� 0.02 7.12� 0.02 7.05� 0.06
3� 3.4 124.7� 6 143.9� 9.70
5� 1.8 76.9� 9.7 137.2� 23.3a
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Figure 2. Resting Pi concentration and Pi/PCr ratio. Data were acquired
from the gastrocnemius muscle of C57BL6 mice (n¼8) before immo-
bilization (PRE IM) and after 2 weeks of immobilization (POST IM). Values
are mean� SEM. �Significantly different from PRE IM (p< 0.05).
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higher phosphorylation potential [ADP][Pi]/[ATP] at the
end of ischemia (Table 1).

Changes in pHi during ischemia were not significantly
different in pre-immobilized and immobilized muscles
[DpHi/DPCr, 5.15 (�0.85)� 10�3 vs 7.02 (�1.5)� 10�3

pH units mM�1; Fig. 6B] despite a difference in buffering
capacity. At the end of ischemia, the apparent buffering
capacity due to Pi was significantly increased in
immobilized muscles (6.18� 0.57 slykes) compared
with pre-immobilized muscles (3.38� 0.54 slykes).
Neither group experienced intracellular acidosis, which
might be expected to influence the rate of PCr recovery
Figure 3. 1H MRS resting spectra from C5
(A) A gradient-echo image obtained of t
direction (TE¼ 5 ms, TR¼200 ms, slice t
12 slices per direction). The box indica
selected for subsequent 1H MRS data
1H MRS PRESS spectra from the voxel sho
ms, 300 averages) before (PRE IM) an
The spectra show signals for the methyl gr
group of creatine (Cr2), and the tr
resonances.

Copyright # 2007 John Wiley & Sons, Ltd.
kinetics (Table 1). Also, there was no significant change in
[ATP] throughout the experiment.

The recovery kinetics of PCr, a well-established
measure of overall mitochondrial function in vivo, is
shown in Fig. 5B. Immobilization induced a significant
reduction in kPCr and the initial rate of PCr resynthesis
(Vmeas), reflected in a significant decrease in measures of
the in vivo mitochondrial function (Table 2). Furthermore,
despite a significantly increased driving force (phos-
phorylation potential) at the end of ischemia, the apparent
mitochondrial capacity, Qmax, was �44% lower in
immobilized muscles than pre-immobilized muscles.
7BL6 mouse gastrocnemius muscle.
he hindlimb of a mouse in the axial
hickness 0.5 mm, 256�128 pixels2,
tes the voxel (2.8�1.2�2.4 mm3)
collection. (B) Water unsuppressed
wn in (A) (TE¼64 ms, TR¼ 6000 ms,
d after (POST IM) immobilization.
oup of creatine (Cr3), the methylene
imethyl ammonium (TMA)/taurine
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Figure 4. 31P spectra during ischemia and recovery. Repre-
sentative 31P spectra obtained from the gastrocnemius
muscle of C57BL6 mice at rest, after 10, 20, 30 min of
ischemia, and after 10 min of recovery.
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During recovery, there was a gradual decrease in Pi

concentrations such that they returned to resting values
within 6.5 min of recovery in both pre-immobilized and
immobilized muscles. After 30 min of recovery, [Pi] in
both muscle groups was lower than the resting value.
Biochemical analysis

Biochemical analysis showed that immobilization did not
induce a significant change in the resting concentrations
of ATP [control vs immobilized: 7.8� 0.21 vs
7.8� 0.16mmol (g wet weight)�1], TCr (control vs
igure 5. [PCr] during ischemia and recovery. PCr kinetics in the gastrocnemius muscle of C57BL6 mice (n¼8) during ischemia
nd subsequent recovery before immobilization (PRE IM) and after 2 weeks of immobilization (POST IM). (A) Changes in [PCr]
uring ischemia (30 min). (B) Changes in [PCr] during recovery (30 min) after ischemia. Values are means� SEM.
F
a
d

Copyright # 2007 John Wiley & Sons, Ltd.
immobilized: 39.41� 2.68 vs 42.7� 1.67 mM), or free
ADP (control vs immobilized: 21.4� 3.72 vs 28.54�
3.42mM) or [ADP][Pi]/[ATP] (control vs immobilized:
5.72� 1.38 vs 9.76� 0.09mM).
DISCUSSION

Muscle disuse is a common phenomenon that induces a
wide array of adaptations in skeletal muscle, which may
negatively affect its function. The cast immobilization
procedure used in this study is a clinically applicable
model that induces significant muscle atrophy and loss of
muscle strength in mouse hind-limb muscles (19).
Importantly, this model allows examination of the effect
of cast immobilization on skeletal muscle with fewer
confounding factors than expected in a patient population.
The primary purpose of the study was to determine the
effect of cast immobilization, independent of injury or
surgery, on the resting Pi content of mouse skeletal
muscle.

Our results show that, after 2 weeks of cast
immobilization, resting Pi content (75%) and Pi/PCr
(80%) of the mouse gastrocnemius muscle are significant-
ly increased compared with control, non-immobilized
muscles. As all post-immobilization measures were
performed before reloading, these data provide strong
evidence that the increase in resting Pi content of skeletal
muscle is the result of disuse and not injury, surgery or
reloading-induced muscle damage.

The increase in Pi content with disuse may have
important functional consequences. Disuse or inactivity
has been associated with decreases in muscle cross-
NMR Biomed. 2008; 21: 101–110
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Figure 6. Pi/PCr and pH during ischemia and recovery. Pi/PCr (A) and pHi (B) at rest
and during ischemia and recovery. Time courses of changes from a representative
C57BL6 mouse hindlimb before immobilization (PRE IM) and after immobilization
(POST IM). Dotted lines indicate the start of the ischemia and recovery periods.
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sectional area, strength and muscle-specific force (force/
cross-sectional area) (2,3). The decrease in muscle-
specific force has in part been linked to neural adaptations
(4), but alterations in resting Pi content may also
contribute (8). Using localized MRS, we observed a
64% increase in resting Pi content of the plantar flexors of
patients with an ankle fracture after 6 weeks of lower limb
immobilization (7,8). This returned to control values
during the course of 10 weeks of rehabilitation, and a
significant correlation was noted between [Pi] and specific
plantar flexor torque. Numerous force mechanics studies
in skinned, mammalian, skeletal muscle fibers have
shown that an increase in intracellular [Pi] decreases
isometric tension by inhibiting cross-bridge cycling and
inducing a shift in the myofibrillar Ca2þ sensitivity
(9–11,36). We recently showed in permeabilized single
human muscle fibers that varying Pi concentrations within
the ranges observed across immobilized individuals
in vivo (4–10 mM) may vary force production by
�16% (8). Single-fiber force mechanics in type I human
muscle fibers further revealed a non-linear relationship
between relative force and Pi concentrations, with a F50

value (concentration of Pi that produces 50% isometric
tension) of �16 mM. (8). In vitro force mechanics
measurements performed in other mammalian (rabbit
psoas) muscle fibers have reported a ki in the range
3–12 mM (37–39).
Table 2. PCr recovery rates and indices of oxidative capaci
after (POST IM) immobilization

PRE IM

kPCr (min�1) 0.43� 0.04
Vmeas (mM min�1) 6.58� 0.46
Qmax (mM min�1) 17.58� 1.47

Values are mean� SEM, obtained from 1H NMR measurements of [TCr].
kPCr, PCr recovery rate constant; Vmeas, initial PCr resynthesis measured dur
aSignificantly different from PRE IM (p< 0.05).

Copyright # 2007 John Wiley & Sons, Ltd.
A large number of energetic studies have shown that
transient changes in Pi concentrations also serve as an
important pHi buffer and help to regulate mitochondrial
function (12–16). We examined the effect of alterations in
resting Pi content with cast immobilization on regulators
of mitochondrial phosphorylation (i.e. [ADP][Pi]/[ATP])
during ischemia and measured the in vivo mitochondrial
ATP synthesis capacity of the mouse gastrocnemius
muscle as assessed by the rate of PCr resynthesis. We
found that despite similar rates of PCr depletion and Pi

increases during ischemia, the cytosolic phosphorylation
potential [ADP][Pi]/[ATP] at the end of ischemia was
80% higher in immobilized muscles than control muscles.
[ADP][Pi]/[ATP] was calculated on the basis of the
creatine kinase equilibrium constant, in which the ATP
concentration was determined biochemically. The total
creatine concentration was measured using 1H-MRS and
confirmed biochemically.

Despite a higher phosphorylation potential in the
immobilized muscles at the end of ischemia, the rate of
PCr resynthesis was significantly reduced in immobilized
compared with control muscles. PCr recovery assessed by
31P-MRS has provided a valuable and sensitive evaluation
of the in vivo oxidative capacity of skeletal muscle (18).
The initial rate of PCr resynthesis provides an estimate of
the rate of oxidative ATP synthesis or the oxidative flux at
the onset of recovery (24,40) because of its relationship to
ty in C57BL6 mice (n¼8) before (PRE IM) and 2 weeks

POST IM Relative change (%)

0.31� 0.038a 29
4.63� 0.42a 30
9.76� 0.72a 44

ing first 2 min of recovery; Qmax based on Vmeas and [ADP][Pi]/[ATP].
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108 N. PATHARE ET AL.
its driving force [ADP][Pi]/[ATP] (41), as demonstrated
during both in vivo (42) and in vitro (13,14) experiments
of mitochondrial control. Thus, [ADP][Pi]/[ATP] at the
onset of recovery and the initial PCr resynthesis rate can
be used to calculate the maximum in vivo oxidative ATP
synthesis rate (Qmax), which reflects both the intrinsic
mitochondrial capacity and the delivery of oxygen (43).
The finding of a reduction in the indices of PCr recovery
synthesis (kPCr: 0.43� 0.04 in immobilized muscle versus
0.31� 0.04 in control) as well as the Qmax in the present
study suggests that mitochondrial ATP production is
significantly impaired in immobilized muscles. Our
findings in immobilized mice hindlimb muscles confirm
and extend other in vivo observations made in human (44)
and rat (45) muscles. In vitro studies report decreases in
oxidative capacity ranging between 13% and 50%
depending on the duration of immobilization, the
oxidative enzymes studied, and the muscle of interest
(46–48). As in vivo MRS assays the metabolic capacity of
the whole muscle, rather than individual fibers, the
reduction in oxidative capacity reported in this study is
probably the result of true alterations in mitochondrial
function and a shift in fiber type composition. A large
number of studies have shown a decrease in the
proportion of type I fibers (slow oxidative) and
concomitant increase in type II (fast glycolytic) fibers
in disused muscles (49,50).

Our study also suggests that an increase in the resting Pi

content may enhance the buffering capacity of skeletal
muscle to aid pHi regulation. pHi of skeletal muscle is the
result of a number of processes: glycogenolytic proton
production (34), passive buffering of protons, net
PCr hydrolysis, and proton extrusion from the cell
(35). The buffering systems in ischemic skeletal muscle
consist of intrinsic buffering by proteins, bicarbonate,
and Pi(16,43). The contribution of Pi to total muscle
buffering can be estimated from its pKa and concentration
and pHi(16,43). In this study, we found that the apparent
buffering capacity due to Pi in immobilized muscles was
�82% higher than in pre-immobilized muscles. The
predicted contribution of Pi to the total muscle buffering
capacity was 6.18� 0.57 slykes in pre-immobilized
muscles and 3.38� 0.54 slykes in control muscles. These
findings suggest that after immobilization there may be an
added benefit to the raised basal Pi in that it enhances the
buffering capacity of skeletal muscles, allowing increased
anaerobic ATP production while minimizing intracellular
acidosis.

The pathophysiological mechanism responsible for
inducing an increase in resting Pi content with disuse is
not clear. In our initial observation, we speculated that the
increase in resting Pi content may be due to muscle
damage. A high Pi /PCr ratio is a well-established
non-specific marker of muscular damage and is well
documented in exercise-induced injury as well as
neuromuscular diseases (51). However, Frimel et al.
(52) used a combination of T2-weighted imaging and
Copyright # 2007 John Wiley & Sons, Ltd.
histological markers of muscle damage and did not detect
muscle damage or macrophage infiltration in the mouse
gastrocnemius muscle after 2 weeks of immobilization. In
addition, as all MR measurements were performed at the
end of immobilization, before reloading, the increase in
resting Pi content is not the result of reloading injury. It is
also very unlikely that the increase in Pi content after cast
immobilization is due to a fiber type shift from slow to
fast, as type II fibers have a lower Pi content than type I
fibers (53,54). Finally, we should point out that, despite
the fact that we could not detect a significant decrease in
the resting PCr concentration after immobilization, the
sums of resting Pi and PCr concentration in the
immobilized and pre-immobilized muscles were almost
identical (37.00� 1.22 vs 37.88� 1.21 mM).

To our knowledge, this is the first study to examine the
effect of immobilization on the in vivo bioenergetics of
peripheral skeletal muscle in mice. Muscle energetic
studies in mice are challenging because of the small
muscle volume and the need for high temporal resolution.
In this study we were able to monitor the PCr recovery
rate in the mouse gastrocnemius muscle with a temporal
resolution of 30 s, using optimized surface coils and high
magnetic field strength (470 MHz; 11.1 T). The PCr
recovery time constant values from control muscles in the
present work (PCr depletion, 46%; 2.6� 0.27 min) are
within the range of data reported previously from mouse
hindlimb muscles using in situ tetanic contractions (PCr
depleted by 52%; 2.7� 0.2 min) (55).

The present results provide additional insight into the
adaptations in skeletal muscle energy metabolism after a
period of immobilization. In summary, our findings show
that the increase in resting Pi content of skeletal muscle
previously observed in patients during cast immobiliz-
ation is not the result of surgery/injury or reloading-
induced muscle damage and can also be observed in an
animal model of cast immobilization. Pi has been shown
to reduce muscle force, by inhibiting cross-bridge cycling
and inducing a shift in the myofibrillar Ca2þ sensitivity.
In addition, we found that the increase in resting Pi

content has a significant effect on the cytosolic phos-
phorylation potential during transient ischemia and
increases the buffer capacity of skeletal muscle. Despite
an increased driving force, immobilized muscles showed
a marked reduction in mitochondrial ATP-producing
capacity.
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