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Abstract
The purpose of this study was to investigate the effect of whey supplementation, as compared to the standard casein diet,
on the recovery of muscle functional properties after a casting-induced immobilization period. After an initial (I0) evaluation
of the contractile properties of the plantarflexors (isometric torque-frequency relationship, concentric power-velocity
relationship and a fatigability test), the ankle of 20 male adult rats was immobilized by casting for 8 days. During this period,
rats were fed a standard diet with 13% of casein (CAS). After cast removal, rats received either the same diet or a diet with
13% of whey proteins (WHEY). A control group (n = 10), non-immobilized but pair-fed to the two other experimental groups,
was also studied and fed with the CAS diet. During the recovery period, contractile properties were evaluated 7 (R7), 21
(R21) and 42 days (R42) after cast removal. The immobilization procedure induced a homogeneous depression of average
isometric force at R7 (CAS: 2 19.068.2%; WHEY: 2 21.768.4%; P,0.001) and concentric power (CAS: 2 26.8616.4%,
P,0.001; WHEY: 2 13.5621.8%, P,0.05) as compared to I0. Conversely, no significant alteration of fatigability was
observed. At R21, isometric force had fully recovered in WHEY, especially for frequencies above 50 Hz, whereas it was still
significantly depressed in CAS, where complete recovery occurred only at R42. Similarly, recovery of concentric power was
faster at R21 in the 5002700u/s range in the WHEY group. These results suggest that recovery kinetics varied between diets,
the diet with the whey proteins promoting a faster recovery of isometric force and concentric power output as compared to
the casein diet. These effects were more specifically observed at force level and movement velocities that are relevant for
functional abilities, and thus natural locomotion.
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positive nitrogen balance is also needed. It is now well established
that skeletal muscle proteolysis normalizes very rapidly during the
first days of reloading [12214]. Therefore, the stimulation of
protein synthesis during the recovery period is the major
determinant of muscle mass recovery.
Resistance exercise is highly efficient to prevent muscle protein
loss during immobilization or to accelerate muscle recovery [15].
However, exercise is not always relevant in specific clinical
situations such as invalidating diseases, muscle traumatism, joint
pain or frail elderly for example. Therefore, nutrition represents
an alternative and/or complementary strategy to accelerate
muscle mass recovery following bed rest or immobilization.
Because of its signal properties toward muscle protein synthesis
[16219], increased availability of leucine or branched chain
amino acids (BCAA = leucine+valine+isoleucine) has been tested.
However, BCAA or leucine supplementation led to conflicting
results with either no or little impact [20] or a positive effect
[21,22] on protein synthesis and muscle function and strength.

Introduction
Chronic periods of reduced physical activity occur throughout
life, following injuries, trauma, prolonged immobilization (casting
or extended bed rest), or as a natural progression of ageing. The
primary effect of muscle disuse in such situations is the progressive
loss of skeletal muscle mass, even in the absence of disease [123],
which is linked to an alteration of the mobility and movements.
During rehabilitation, it is then of great importance to restore as
fast as possible, not only skeletal muscle mass but also muscle
functional properties, i.e. strength, power and fatigability.
Muscle protein loss results from an imbalance between protein
synthesis and breakdown rates. We and others have demonstrated
in rats and humans that muscle protein synthesis was depressed
during immobilization [428] and that muscle proteolysis was
highly activated during disuse atrophy [9214] hence generating a
decrease in muscle protein content and a loss of muscle mass. To
allow muscle recovery, not only a normalization of muscle protein
synthesis/proteolysis ratio is necessary but the generation of a
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Very recently, we also reported no effect of such supplementation
on muscle mass recovery following cast immobilization in old
animals [7], despite a positive effect on protein anabolism
following food intake. We postulated [23] that leucine, if
supplemented in a free form, was absorbed rapidly and induced
its anabolic ‘leucine signal’ for protein synthesis before there was a
sufficient availability of amino acids coming from dietary protein
digestion. However, when leucine-rich proteins (whey proteins)
were used instead of free leucine, an improvement of muscle mass
recovery was observed, probably because leucine and other amino
acids were elevating synchronically and generated a more
sustained protein synthesis stimulation during the post prandial
state [7,23]. According to this unique study, whey proteins seem to
be a suitable nutritional strategy to accelerate muscle mass
recovery following immobilization or physical inactivity episodes.
So far, the great majority of nutritional interventions aimed at
promoting muscle mass recovery after a period of immobilization.
However, these nutritional interventions should also target muscle
functional properties. Yet, muscle mass and force/power production capacities are not always linearly related. For instance,
Warren et al. [24] reported a dramatic loss of muscle mass without
any change in muscle function after 28 days of hindlimb
unloading. Besides, Papadakis et al. [25] reported an increased
muscle mass but not change in force production after a
pharmacological intervention. Finally, Jacobsen et al. [26]
reported an increased force capacity without any change in
muscle mass. Muscle mass evaluation is not sufficient on its own,
since muscle strength is a better clinical outcome that muscle mass
[27]. In practice, a linear relationship between muscle strength
and incident disability for activities of daily living has also been
reported [28]. Therefore, it seems mandatory to evaluate the effect
of any nutritional intervention not only on muscle mass, but also
on muscle functional properties, i.e. force, power and fatigability.
This is particularly relevant in the recovery period after an
immobilization, since hypoactivity has adverse effects on muscle
maximum force and power production, and fatigue resistance
[24,29]. To our knowledge, the effect of whey proteins supplementation on the recovery of muscle functional properties after an
immobilization has never been evaluated, despite this protein
source seems to represent a major lever in the rehabilitation of
immobilized patients.

half of the animals were fed the standard 13% casein diet (CAS,
n = 9), the other half received a 13% whey protein diet (WHEY,
n = 10) (Table 1). As casted rats reduced their food intake during
the immobilization period, control non-casted rats were pair-fed
(PF, n = 9) to the casted groups at each time point studied and
were fed the standard 13% casein diet.

Evaluation of the muscle functional properties
The functional properties of the plantarflexor muscles were
evaluated in vivo on an isokinetic dynamometer specially designed
for rats (806D, Aurora Scientific, Canada). The testing protocol
was similar to that used by Warren et al. [24].
Rats were anesthetized with an intraperitoneal injection of
ketamine and acépromazine (1.5 ml/kg, Imalgene 500; 0.250 ml/
kg Vétranquil). During the testing procedures, the rat laid supine
on a heating plate with the right foot attached to a footplate
connected to a dual mode servomotor (305C-LR, Aurora
Scientific, Canada). The knee was clamped in place such that
the knee angle was 90u, and the ankle axis of rotation coincided
with axis of the motor. To avoid any variation in body
temperature, the rectal temperature was monitored and computed
by a temperature controller (ATC 1000, World Precision
Instruments, USA) that adjusted the temperature of the heating
plate to maintain the rectal temperature at 37uC. Stimulation of
the rat ankle plantarflexors was done percutaneously via Ag/AgCl
surface electrodes (StimCom TS0020, Comepa, France). A
constant-current electrical stimulator (DS 7A, Digitimer, United
Kingdom) was used to deliver square waves (pulse width = 1 ms).
The stimulator was triggered and controlled with automated
scripts by an A/D board (Powerlab 8/35, ADInstruments,
Australia) and associated software (LabChart 7.3, ADInstruments,
Australia).
The protocol consisted in the evaluation of the torque-frequency
relationship in isometric condition, the torque-velocity relationship
in concentric condition and the assessment of muscle fatigability in
isometric condition [24].
To determine the torque-frequency curve, the ankle angle was
set at 90u and the plantarflexors stimulated at frequencies varying
from 10 to 200 Hz (10, 20, 30, 40, 50, 60, 70, 80, 100, 125, 150,
175, and 200 Hz). These contractions were 200 ms in length with
45 s between contractions, and done in order of increasing
stimulation frequency. The reported isometric torque values were
calculated as the peak isometric torque minus resting torque. The
average isometric torque was also computed from the torque
responses to the different stimulation frequencies.
After 3 minutes of rest, the torque-velocity curve was
determined from 11 concentric contractions realized at angular
velocities of 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, and
1,000u/s, realized in order of decreasing velocity. These contractions were evoked over a 40u-angular amplitude, centered about
the 90u ankle angle (i.e., from 70u to 110u). This movement range
was chosen because it coincides closely to that of the ankle during
the stance phase of voluntary ambulation (i.e., from 72u to 111u;
[30]). The contractions were evoked every 45s by stimulation
trains delivered at 175 Hz for only the duration necessary to
complete the movement (i.e., 40 ms at 1,000u/s to 800 ms at 50u/
s); the 175-Hz frequency was used according to Warren et al. [24]
recommendation, as the frequency yielding maximal isometric
tetanic torque. A power-velocity curve was then computed from
this torque-velocity curve. The average concentric power was also
computed from the power outputs at the different angular
velocities.
Finally, muscle fatigability was assessed with an isometric
protocol adapted from the standard Burke fatigue protocol [31]. It

Materials and Methods
Animals and experimental design – ethics statement
The present study was approved by the Animal Care and Use
Committee of Auvergne (CEMEAAuvergne; Permit Number:
CE29-11) and adhered to the current legislation on animal
experimentation in France. Adult male Wistar rats aged 10211
months were housed individually under controlled environmental
conditions (room temperature 22uC; 12 h light-dark cycle, light
period starting at 08:00 h), fed ad libitum a standard 13% casein
diet (Table 1) and given free access to water. After a 3-week
adaptation period, the functional properties of the plantarflexor
muscles were evaluated in vivo under anesthesia. After this testing
session, the rats were anesthetized with isoflurane inhalation and
subjected to unilateral hindlimb cast immobilization with an Orfitsoft plaque (Gibaud, France) for 8 days (I8). The foot was
positioned in plantar flexion to induce a maximal atrophy of the
gastrocnemius muscle [7]. For muscle recovery, casts were
removed and an evaluation of the in vivo functional properties
of the plantarflexors was conducted at 7 (R7), 21 (R21), and 42
(R42) days after cast removal. All rats were fed the standard 13%
casein diet during immobilization. During the recovery period,
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Table 1. Composition of the standard and experimental diets.

Ingredients
Casein
Whey

1

1

L-cystine

2

L-proline

2

Colza oil

Standard 13% casein diet

Experimental 13% whey protein diet

166

-

-

144

1.8

-

-

4.7

30

30

Peanut oil

27

27

Sunflower oil

3

3

Cellulose

35

35

Saccharose

100

100

3

50

38

542.2

573.3

Mineral mixture AIN93

35

35

Vitamins mixture AIN93

10

10

Lactose

Wheat flour

1

Casein and whey protein sources are from Lactalis Ingredients, France. Amounts were calculated according to the % of dry matter and nitrogen content.
L- cysteine and L-proline was added to the diet to reach and match the AIN93 recommendation for adult rats in both diets. Amounts were calculated according to the
amino acid composition of both proteins used.
3
Lactose was added to the diets to match the lactose content and intake for both diets.
Quantities are expressed in g/kg dry matter.
doi:10.1371/journal.pone.0075408.t001
2

consisted in a repetition of 300-ms stimulation trains at a
frequency of 40 Hz, repeated every second for 75s. Maximum
and minimum isometric torque values were computed to calculate
a fatigability index, as follows:

Results
Food intake and animal body weight
Food intake was similar in all groups before casting and
decreased during immobilization to reach 13.660.4 and
13.261.0 g/d at I8 in the CAS and WHEY groups, respectively
(Figure 1). Then, animals increased their food intake during the
recovery period. Food intake of the PF group perfectly matched
the one of the casted group during immobilization, such that food
intake did not differ significantly between the 3 groups during the
whole experimental period.
Casted rats exhibited a slight decrease of body weight during
immobilization (29.760.5 and 211.661.1% at I8 in the CAS
and WHEY groups, respectively; P,0.05; Figure 1). Then body
weight increased during the recovery period but remained lower
than before immobilization at R42 (23.861.1 and 26.760.9% in
the CAS and WHEY groups, respectively; P,0.05; Figure 1). The
PF body weight followed the same modifications with a decrease at
I8 and R42 (28.461.1 and 27.460.5%, respectively; P,0.05).
No significant difference was found in body weights between the 3
groups during the whole experimental period.

Fatigability index (%) = ((minimum torque – maximal torque)/
maximal torque) x 100
Data were recorded with an A/D Board (Powerlab 8/35,
ADInstruments, Australia), sampled at a frequency of 2000 Hz
and analyzed with the Labchart software (LabChart 7.3,
ADInstruments, Australia). This software and the Powerlab system
were also used to trigger and control the movement of the
isokinetic ergometer with automated scripts during concentric
contractions.

Muscle and body mass measurements
Body mass was monitored daily at the same time of day. Muscle
mass of the different hindlimb muscles (soleus, gastrocnemius,
extensor digitorum longus, tibialis anterior) was measured at R 42.
After sacrifice, these muscles were collected, weighted and
immediately frozen in liquid nitrogen.

Muscle mass

Statistics

Plantarflexor muscle masses (soleus + gastrocnemius) were not
significantly different between all groups after 42 days of recovery
(3.6960.09, 3.6960.07 and 3.5660.07 g for PF, WHEY and
CAS, respectively). However, muscle masses varied significantly as
a function of group 6 limb (P = 0.01). In the WHEY and PF
groups, the mass of the immobilized plantarflexor muscles was
significantly higher at R42 as compared to the non-immobilized
limb (WHEY: 3.6960.07 vs. 3.5460.08 g, P,0.01; PF:
3.6960.09 vs. 3.4360.07 g, P,0.001). No significant difference
was observed between limbs in the CAS group (3.5660.07 vs.
3.5260.04 g; P = 0.4).

All descriptive statistics presented in the text and figures are
means 6 SE. Data were screened for normality of distribution and
homogeneity of variances using a Shapiro-Wilk normality test and
the Barlett’s test, respectively. Each study variable was then
compared between the different instances using a two-way (group
x frequency for the torque-frequency relationship; group x velocity
for the power-velocity curve) ANOVA with repeated measures
over time or a one-way (group for the fatigability index) ANOVA
with repeated measures over time. Fisher LSD post hoc tests were
used when the ANOVA revealed a significant main effect for any
factor or interaction. For all statistical analyses, the level of
significance was set at P,0.05.
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Figure 2. Recovery kinetics of the isometric torque: average
isometric torque of the plantarflexors before immobilization
(I0) and 7, 21 and 42 days after cast removal (R7, R21 and R42,
respectively). Recovery kinetics are shown for the experimental
groups fed with casein (CAS), whey (WHEY), and in the pair-fed control
group (PF). Significantly different from WHEY: ***: P,0.001. Significantly
different from CAS: {{: P,0.01; {{{: P,0.001. Standard errors not
shown for the sake of clarity.
doi:10.1371/journal.pone.0075408.g002

Figure 1. Evolution of food intake and body weight over time:
food intake (panel A) and body weight (panel B) of casted rats
fed with casein (CAS) or whey (WHEY) and non-casted (PF) rats.
doi:10.1371/journal.pone.0075408.g001

Torque-frequency relationship
Average isometric torque decreased similarly in both casted
groups at R7 as compared to baseline (CAS: 2 19.062.6%;
WHEY: 2 21.762.7%; P,0.001; Figure 2), whereas it was not
significantly different from I0 in the PF group. Thereafter, torque
recovered gradually over time but displayed distinct recovery
patterns among the casted groups: at R21, torque was not
significantly different from PF in the WHEY group, whereas it
remained depreciated in the CAS group (2 11.764.0% as
compared to baseline; P,0.01). Full recovery was finally observed
in the CAS group at R42.
When examining the torque-frequency curve (Figure 3), the
same recovery pattern was observed, i.e. no difference between
casted groups at R7 and a faster recovery at R21 in WHEY as
compared to CAS, especially for frequencies above 50 Hz.
Nevertheless, torque in the WHEY group remained significantly
inferior to PF (P,0.05) in the upper region of the torquefrequency curve, i.e. from 100 to 175 Hz. Full recovery was
observed in all casted groups at R42.

Power-velocity relationship
Average power declined after the immobilization period: at R7,
power was significantly reduced in both casted groups as
compared to baseline (CAS: 2 26.865.5%, P,0.001; WHEY:
2 13.566.9%, P,0.05). At R7, average power in the CAS group
was also significantly reduced as compared to PF (P,0.05). The
same tendency was observed between WHEY and PF (P = 0.07).
At R21, data from the casted groups were not significantly

PLOS ONE | www.plosone.org

Figure 3. Recovery kinetics of the torque-frequency relationship: torque-frequency relationship after 7 (R7; panel A) and
21 days (R21; panel B) of recovery in the experimental groups
fed with casein (CAS; black bars), Whey (WHEY; grey bars), and
in the pair-fed control group (PF; white bars). Significantly
different from WHEY: **: P,0.01; ***: P,0.001. Significantly different
from CAS: {{: P,0.01; {{{: P,0.001.
doi:10.1371/journal.pone.0075408.g003
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different from PF but power was still significantly reduced as
compared to baseline in CAS (2 19.663.9%, P = 0.001). At R42,
average power values in the casted groups were not significantly
different from PF. No significant difference was observed between
casted groups over time.
Conversely, some differences between casted groups were
observed when examining the complete power-velocity curve
(Figure 4). After 21 days of recovery and supplementation (Figure
4B), power values in WHEY were not significantly different from
PF, whereas power was still depreciated in CAS for velocities
between 500 and 700u/s. Interestingly, peak power was significantly higher in WHEY as compared to CAS (P,0.05). Finally, at
R42, power was increased as compared to PF in WHEY and CAS
for velocities above 700u/s (Figure 4C). No significant difference
was observed between CAS and WHEY at R42.

Fatigability test
Analysis of variance revealed that the fatigability index was not
different among groups: the immobilization procedure and the
associated protein supplementation during the recovery period did
not affect the fatigability index.

Discussion
The purpose of this study was to investigate the effect of whey
supplementation, as compared to the standard casein diet, on the
recovery of muscle functional properties after a casting-induced
immobilization period in adult rats. The results revealed that both
diets ultimately allowed a complete recovery of skeletal muscle
functional properties. However, recovery kinetics varied between
diets, the whey diet promoting a 2 times faster recovery of
isometric force and concentric power as compared to the casein
diet. These effects were more specifically observed at force level
and movement velocities that are relevant for functional abilities,
and thus natural locomotion.

Effect of the immobilization procedure
As reported before with this model of immobilization, the food
intake and body mass were transiently reduced during the
immobilization period and progressively normalized over time
(e.g.[14]). Conversely, the associated changes in muscle functional
properties, i.e. force and power, have never been reported after a
casting-induced immobilization. Nevertheless, our data can be
compared with another model of hypoactivity. Indeed, Warren et
al. [24] examined the same parameters after 28 days of hindlimb
unloading in rats, and reported significant reductions of isometric
torque and concentric power, but no change in fatigability. The
highest torque and power deficits were reached 7 days after
reloading but recovered within 14 days after reloading. In the
current study, we did not find any significant change in muscle
fatigability, which is consistent with the findings of Warren et al.
[24] and Mc Donald et al. [32]. Although the torque and power
deficits felt within the range reported by Warren et al. [24], the
time required for full recovery was longer in the present study, i.e.
21 to 42 days, but also depended on the quality of the dietary
protein supplementation used. In the present study we did not
measure functional properties immediately after cast removal,
because of the difficulty to set up such measurements at this time
point. Indeed, rats generally suffer from oedema and increased
stiffness, such that fastening on the isokinetic ergometer may be
difficult. Moreover, the first seven days of reloading are generally
associated with muscle damage and excitation-contraction uncoupling, which generally worsen the functional deficits [14,24]. This
may have been particularly important in our setting, since rats
were immobilized in a shortened position, which favors muscle
damage during reloading [33]. However, the torque and power
deficits measured at R7 were homogeneous across immobilized
groups, such that the differences observed between these groups at
R21 can be ascribed to the effect of dietary protein supplementation.

Effect of protein supplementation
The whey diet clearly promoted a faster recovery of isometric
force and concentric power as compared to the casein diet. Such
effect could be related to the effect of whey proteins on muscle
protein synthesis. Indeed, soluble milk proteins are known to be
digested faster than casein, i.e. they have a rapid absorption
kinetic, but also a higher leucine content [34,35]. This has been
associated with a greater stimulation of protein synthesis at the
post prandial state, and thus, on muscle mass gain [7,36]. Thus, a

Figure 4. Recovery kinetics of the power-velocity relationship:
power-velocity relationship after 7 (R7; panel A), 21 (R21; panel
B) and 42 days (R42; panel C) of recovery in the experimental
groups fed with casein (CAS; black bars), whey (WHEY; grey
bars), and in the pair-fed control group (PF; white bars).
Significantly different from WHEY: *: P,0.05; **: P,0.01. Significantly
different from CAS: {: P,0.05; {{: P,0.01; {{{: P,0.001.
doi:10.1371/journal.pone.0075408.g004
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faster recovery of muscle mass may explain the faster recovery in
the group fed with the whey diet. Unfortunately, the current
experimental settings do not allow to verify this assumption since
muscle mass was only measured at R42. At this time, no difference
in plantarflexor muscles mass or in plantar flexion torque was
observed between experimental groups. However, there was a
clear difference of muscle mass between immobilized and control
limbs in the WHEY and PF groups, but not in CAS. The fact that
plantarflexor muscles mass was higher in the immobilized limb of
the WHEY group is a novel finding with this model of disuse.
Previous studies generally reported that muscle mass does not fully
recover on the immobilized limb of old animals [12]. In the
current experiment, adult rats were studied, which certainly partly
accounts for the full recovery of muscle mass. However, the
differences observed between the immobilized and non-immobilized muscles masses in the WHEY group also suggests that the
muscle contractile activity generated by the electrical stimulation
procedures, together with fast proteins supplementation, certainly
favored muscle protein synthesis and accretion, as reported
previously (e.g.[37]). It is however surprising that only 3 sessions
of electrical stimulation may have been sufficient to potentiate
protein synthesis. However, we cannot rule out the possibility that
the benefits of electrical stimulation may have cumulated with an
increased spontaneous physical activity, due to the improved
muscle functional properties in the WHEY group. The fact that
muscle mass did not differ between limbs in the group fed with
casein is consistent with other reports showing that these proteins
stimulate the muscle protein synthesis to a lesser extent than whey
proteins (e.g. [37]).
Another important and unexpected result was the increase of
concentric power at the higher velocities (. 700u/s) at R42 in the
two immobilized groups as compared to the control group. Such
phenomenon cannot be ascribed to an increased force, since force
did not differ between groups at this point. Therefore, we can only
speculate on increased contraction velocity and/or increased
muscle-tendon stiffness that may relate with the immobilization
and/or reloading processes, since increased power was only
observed in the immobilized groups. Increased stiffness has already
been reported after a period of immobilization [38] and after
contraction-induced injury [39]. This may be linked to the
thickening of muscle connective tissue and the up-regulation of
collagen synthesis [40,41]. If such phenomenon occurred, this may
have translated into an improved rate of force development,
thereby improving power production, especially at the highest
velocities, where the rate of force development is crucial, owing to
the very short contraction duration.
Alternatively, one may suggest that improved muscle contraction velocity may also have contributed to the increased power
production. The first factor that could contribute to an increased
contraction velocity is the muscle fiber distribution. However, with
the same model of immobilization, Magne et al. [7] did not find
any effect of immobilization or diet on the distribution of muscle
fiber types. Others reported shifts towards a faster muscle
typology, but with longer durations of immobilization, and
specifically on muscles with a high proportion of type I muscle
fibers, such as the soleus muscle (e.g.[42]). However, this muscle
has a small contribution to contractile properties in rats, as
compared to the gastrocnemius. The fact that the fatigability index
was not affected by immobilization certainly rules out the
hypothesis of a change in muscle fiber type distribution. Indeed,
a shift towards a faster typology may have translated into an
enhanced fatigability. The second factor that could contribute to
an improved contraction velocity would be altered enzymatic
activities within the glycolytic pathway. Interestingly, some studies
PLOS ONE | www.plosone.org

have reported an improved LDH activity in IIb muscle fibers
after a period of immobilization [43,44]. Additionally, Mercier
et al. [45] reported that such effect could be potentiated by the
application of electrical stimulation. Unfortunately, we do not
have any data to provide evidence for this effect. Thus,
additional measurements are required to confirm this hypothesis
in our model of disuse. Finally, it is interesting to note that the
rats were immobilized at a short muscle length. This may have
favored a reduction of the number of sarcomeres in series
during the immobilization period (e.g. [46]), which may have
subsequently translated into enhanced muscle damage after
reloading [33]. Interestingly, one of the adaptations to
contraction-induced injury is the increase in the number of
sarcomeres in series [47]. Such adaptation could have contributed to the increased contraction velocity, and therefore power
production. However, additional studies are required to clarify
this issue.

Functional relevance
To reflect as accurately as possible the muscle functional
properties, muscle torque was evaluated at different frequencies,
and especially those corresponding to the spontaneous firing rates
of the rat gastrocnemius muscle, which are typically in the 55–
86 Hz range during unforced ambulation [48]. Thus, this
frequency range in the torque-frequency relationship is probably
the most physiologically relevant one to examine because fast
units make up 92% of the gastrocnemius muscle mass and, in
turn, the gastrocnemius muscle accounts for 78% of the
plantarflexor muscle mass [49]. The faster recovery of torque
after whey supplementation at R21 was particularly observed for
frequencies above 50 Hz. Therefore, we can reasonably assume
that this faster recovery could be particularly relevant from a
functional point of view. Similarly, the power produced at
velocities between 500 and 700u/s recovered faster in the WHEY
group as compared to the group fed with casein. This may also be
functionally relevant since the ankle angular velocity measured
during voluntary ambulation in rats (averaged over the entire
push-off phase, i.e., while the ankle plantarflexors are contracting
concentrically), is 300–350u/s, and instantaneous velocity can
approach 600u/s [30]. Conversely, the increased power output
measured at higher velocities at R42 (.700u/s) may not translate
into major benefits for the rat natural locomotion, since such
ankle angular velocities may only be required during very quick
movements.

Conclusion
We have shown that the supplementation with whey or casein
proteins allowed a complete recovery of functional properties 42
days after a casting-induced immobilization. However, recovery
kinetics varied between diets, i.e. the whey diet promoting a faster
recovery of isometric force and concentric power output as
compared to the casein diet. These effects were more specifically
observed at force level and movement velocities that are relevant
for functional abilities, and thus natural locomotion, in this animal
model. Further studies should evaluate the efficacy of whey
supplementation in human subjects. If the same conclusions are
drawn, the whey diet may be particularly recommended for
rehabilitation, in particular in older patients, who are at risk of
hypoactivity, and have a reduced ability to recover muscle mass
after immobilization periods.
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