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Bed rest has been an established treatment in the past prescribed for critically illness
or convalescing patients, in order to preserve their body metabolic resource, to prevent
serious complications and to support their rapid path to recovery. However, it has been
reported that prolonged bed rest can have detrimental consequences that may delay
or prevent the recovery from clinical illness. In order to study disuse-induced changes
in muscle and bone, as observed during prolonged bed rest in humans, an innovative
new model of muscle disuse for rodents is presented. Basically, the animals are confined
to a reduced space designed to restrict their locomotion movements and allow them to
drink and eat easily, without generating physical stress. The animals were immobilized for
either 7, 14, or 28 days. The immobilization procedure induced a significant decrease of
food intake, both at 14 and 28 days of immobilization. The reduced food intake was not
a consequence of a stress condition induced by the model since plasma corticosterone
levels —an indicator of a stress response— were not altered following the immobilization
period. The animals showed a significant decrease in soleus muscle mass, grip force and
cross-sectional area (a measure of fiber size), together with a decrease in bone mineral
density. The present model may potentially serve to investigate the effects of bed-rest in
pathological states characterized by a catabolic condition, such as diabetes or cancer.

Keywords: disuse-induced atrophy, physical inactivity, body composition, muscle performance, bone density,
corticosteroids

INTRODUCTION

Bed rest has been an established treatment in the past prescribed for critically illness or convalescing
patients, in order to preserve their body metabolic resource, to prevent serious complications and to
support their rapid path to recovery. However, in the past 50 years numerous scientific studies have
reported that physical inactivity can exert negative effects to the entire system (Corcoran, 1991).
Prolonged bed rest can have detrimental consequences that may delay or prevent the recovery from
clinical illness including insulin resistance, thromboembolic disease, degenerative joint disease,
disuse osteoporosis, respiratory, and musculoskeletal complications (Dittmer and Teasell, 1993). In
addition to different pathological catabolic conditions —such as trauma, cancer and sepsis- healthy
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aging (sarcopenia) and disuse (bed rest, microgravity) are also
associated with muscle atrophy and wasting. Particularly, disuse-
induced muscle atrophy is a catabolic condition commonly
manifested in patients enforced to periods of muscle inactivity
often associated with situations such as hindlimb immobilization,
prolonged bed rest due to aging or the recovery from injuries,
sepsis, and illnesses or weightlessness, as occurs in spaceflight
(Musacchia et al., 1988). It is important to point out that unlike
the muscle wasting caused by some disease states, disuse atrophy
is initiated by a reduction in muscle contractile activity and
muscle tension, rather than by inflammatory cytokines (Jackman
and Kandarian, 2004; Chopard et al., 2009).

Physical inactivity is often achieved in humans using the
bed rest or the unilateral limb suspension model, whereas the
most frequently used models in rodents are denervation, casting
immobilization or tail suspension (Morey-Holton and Globus,
2002; Frimel et al., 2005; Midrio, 2006). Each procedure has
specific advantages and strengths which promote its use, as well
as disadvantages which limit data interpretation and differ each
other in term of degree of reproduced inactivity (Machida and
Booth, 2004) and distinct protein degradation profiles induced
(Bialek et al., 2011).

In this regard, we have designed a non-invasive, practical
and low-cost model for rodents that better mimics human’s
reduced daily ambulatory motions, reproducing the effects of
acute transitions from high to low levels of physical activity,
and that better simulates the metabolic state of a patients
in bed rest condition. Although immobilization through the
restriction of locomotion is not a novel approach in animal
experimentation—it has already been applied in biobehavioural
research, particularly for the study of the stress response (Hauger
etal,, 1988; Wood et al., 2003; Buynitsky and Mostofsky, 2009)—
its application on the study of muscle atrophy is completely new.
Bearing all this in mind, the object of the present study was to
design and test an immobilization method for rodents based on
reduction of cage volume, to mimic the situation encountered in
humans in bed rest. In particular, this initial study concentrates
on the metabolic, functional, and morphometric characterization
of the temporal progression of changes in muscle and bone mass,
together with changes in glucose metabolism.

MATERIALS AND METHODS

Setting and Procedure

Male Wistar rats (11 weeks-old) were housed individually and
maintained on a regular light-dark cycle (light on from 08:00
a.m. to 08:00 p.m.) controlled temperature (22°C) and humidity
(45%) and they had free access to water and food (AIN93M
diet) (Reeves et al., 1993). They were divided into two groups:
control (standard cage, n = 5) and immobilized (IMMO,
reduced volume cage, 7-28 days n = 9; 14 days n = 12). The
immobilized animals were kept for 7, 14, and 28 consecutive
days in a reduced volume cage (Tecniplast 2150), the space
being restricted to 12 x 12 x 8 cm (approximately an 80%
reduction in the total standard cage volume) (Figure 1). Body
weight, food and water intake were recorded daily. Rats were
sacrificed at day 7, 14, and 28. Prior to sacrifice rats were

weighed and anesthetized (3:1 mixture of ketamine (Imalgene®)
and xylazine (Rompun®). Blood was collected from the aorta
and post-prandial plasma separated by centrifugation at 3,500 g
for 10min at 4°C and stored at —80°C. Muscles and other
tissues were rapidly excised, weighed and frozen in nitrogen
liquid. All tissues were stored at — 80°C until analysis. For
a better comprehension, a timeline of the experimental plan
is represented in Figure2. All animal manipulations were
made in accordance with the European Community guidelines
for the use of laboratory animals. They were cared for in
compliance with the Policy on Humane Care and Use of
Laboratory Animals (ILAR 2011). The Bioethical Committee
of the University of Barcelona approved the experimental
protocol.

Outcome Parameters

Corticosteroids

Atday 1,4, 8, and 14, blood samples were collected from the distal
extreme of the tail at the same time (3:00 p.m.) in order to avoid
the “screen” effect of the circadian rhythm on the response to
stress (Smith, 2012). The number of animals used to measure the
corticosteroid levels were the following: day 1: CONTROL n = 4
and immobilized group (IMMO) n = 5; day 4: CONTROL n =5
and IMMO n = 5; day 8: CONTROL n = 5 and IMMO n = 4; day
14: CONTROL # = 4 and IMMO n = 4. Plasma corticosterone
levels were quantified by ELISA kit (Arbor assays, Chicago, USA).

Oral Glucose Tolerance Test (OGTT)

The OGTT was performed 4 days prior to sacrifice in order to
minimize the influence of the fasting on the final body weight,
body composition and physical activity tested the day of sacrifice.
Animals were fasted overnight (12 h) and blood was collected
in heparinised wells from the distal extreme of the tail, prior to
the glucose solution administration, to assess the fasting levels
of glucose and insulin (baseline time). To reduce an infection,
a topical germicide (Betadine® solution) was applied to the tail
following blood collection. Blood collection was obtained 15,
30, 60, and 120 min after the glucose solution administration
(2g/kg rat) by gavage. Glucose levels were measured by
the Glucometer (Accutrend, GCT, Mannheim, Germany,
Roche).

Grip Strength

Skeletal muscle force in rats was quantified by the grip-strength
test once a week. The grip strength device (Panlab-Harvard
Apparatus, Spain) comprised a pull bar connected to an isometric
force transducer (dynamometer). Basically, the apparatus was
positioned horizontally and the rats were held by the tail and
lowered toward the device. The animals were allowed to grasp
the pull bar by their forelimbs and were then pulled backwards
in the horizontal plane. The force applied to the bar just before
the animals lost grip was recorded as the peak tension. At least
three measurements were taken per rat on both baseline and
test days, and the results were averaged for analysis. This force
was measured in grams/grams initial body weight (Toledo et al.,
2011).

Frontiers in Physiology | www.frontiersin.org

March 2017 | Volume 8 | Article 184


http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

Marmonti et al. Rat Immobilization Model

e

Immobilization cage Standard cage

12cm

12¢em

8cm

Dimentions of the immobilization cage

FIGURE 1 | Immobilization model. (A) Representative pictures of immobilized rats and control rat in a standard cage. Each immobilization cage is able to host two
animals and it is equipped (in its upper part) with a grating to dispose food and water. (B) Schematic representation of the immobilization tested model. The cage had
a reduction in volume of 80% in relation with control standard cage. The arrow indicated the housing area of a single rat.
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FIGURE 2 | Timeline of the experimental plan. Day 7: CONTROL (n = 5) and immobilized group (IMMO) (n = 6); day 14: CONTROL (1 = 9) and immobilized group
(IMMO) (n = 12); day 28: CONTROL (n = 5) and IMMO (n = 6). OGTT: Oral glucose tolerance test.
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Gastrointestinal Motility

Gastrointestinal motility in rats was tested by a method described
(Arbos et al., 1993). An oral glucose load (4 mmol) containing
21Ci of [*Hlinulin was administrated to each rat 2h before
the sacrifice. The gastrointestinal tract was extracted and divided
into stomach and intestine with their contents and they were
processed for [*H]-scintillation counting. The intestine was
divided into six equivalent segments (duodenal to colon: I1-
16) and the amount of labeled retained calculated for each of
them. They were mixed with 3% (w/v) perchloric acid and
homogenized in a Waring Blender. After centrifugation, 5mL
of the supernatant were neutralized with potassium hydroxide
30% and then centrifuged at 1,000 g for 5min to accelerate the
ClO, precipitation under form of KClO4. Finally, 5mL of the
neutralized supernatant were added to 10 mL of scintillation fluid
for the measurement of total radioactivity.

Fiber Cross Sectional Area

During the sacrifice, the soleus muscle was rapidly excised
from each limb, and quickly frozen in liquid-nitrogen cooled
isopentane, maintaining the correct orientation to allow cross
section. Ten micrometers of transverse sections from the mid-
belly of the muscles were cut on a cryostat at —20°C. The slides
obtained were stained by haematoxylin-eosin staining protocol,
mounted with permount mounting media (Fisher, United States)
and photographed at 10X magnification. Fiber cross-sectional
area (CSA) was determined on randomly chosen 100 individual
fibers per animal by the Image J software and expressed in pixels
(Abramoff et al., 2004). Photo magnification and resolution were
maintained fixed within each experiment.

Body Composition Analysis

Body composition was determined post-mortem in the all body of
the animals, excluding tissues used in other measures (muscles,
organs, and blood), by quantitative magnetic resonance (QMR)
by means of an Echo MRI-100 rodent whole body composition
analyser (Echo Medical Systems, Houston, Texas, USA) (Nixon
et al., 2010).

Bone Mineral Density Analysis

Bone mineral density was measured post-mortem in tibia, femur,
lumbar vertebras (LV 2-5), forearm, and humerus by peripheral
Dual-energy X-ray Absorptiometry (pDEXA) analysis (Norland
Corp., Fort Atkinson, WI, USA) (Griffin et al., 1993).

Statistical Analysis

To summarize and describe the results, average (arithmetic
mean), and standard error of the mean (SEM) were calculated
for each studied variable. Intergroup differences were
evaluated using analysis of variance (ANOVA) and linear
mixed models. Post hoc pairwise comparisons (Duncan test)
were performed when appropriated. In order to assess the
validity of the ANOVA results, the normality of data and
homogeneity of variances were check for each variable. All
the statistical analysis was performed using SPSS (version
21).

RESULTS

In order to study disuse-induced changes in muscle and bone, as
observed during prolonged bed rest in humans, we have designed
a new model of muscle disuse for rodents. The immobilization
device is depicted in Figure 1. Basically, the animals are confined
to a reduced space not permitting displacement (but allowing
them to drink and eat in an easy way similar to a bed
rest condition) for 7, 14, and 28 consecutive days (Figure 2).
However, it has to be pointed out that, in terms of lifespan,
the immobilization periods used here are far longer than those
previously used in human studies. Although bed rest is a unique
model to investigate mechanisms of underlying defects induced
by physical inactivity in healthy subjects, it is important to
remember that bed rest induces a level of physical inactivity likely
different (quantitatively and qualitatively) from that observed
under other conditions.

The average daily food intake was decreased due to the
immobilization procedure without inducing variations in the
body weight of the animals (Table 1). The animals consumed
a reduced amount of food to maintain the energetic balance.
However, quantitative magnetic resonance data, shown in
Table 1, do not evidence changes of the lean and fat mass
composition after the immobilization period. No differences were
observed in plasma corticosteroid levels between immobilized
and non-immobilized animals (Table 2).

We analyzed the effects of the proposed disuse model on
glucose metabolism. Unexpectedly, a significantly variation on
glucose tolerance was observed in the rats only after 7 days of
immobilization (Figure 3).

Concerning muscle weights, immobilization resulted in a
significant decrease in soleus weight (—7.3, 10.5, and 13.2%
for 7-, 14- and 28 days-following immobilization, respectively)
(Table 3). In addition, heart weight was also decreased after 7
and 14 days of immobilization (Table 3). In order to assess if
the muscle wasting induced by our immobilization model was
translated in an altered muscle performance, we measured grip
force of the fore limbs of the animals. The data presented in
Table 3 showed significant decrease of this parameter after 7 and
14 days of physical inactivity. The results presented in Table 4
clearly showed that physical inactivity significantly decreased
bone mineral density in the vertebrae (LV-25) of the immobilized
animals.

DISCUSSION

It is known that a period of bed rest leads to physical inactivity
status with an associated reduction of energy requirements and
appetite. Consequently, food intake generally declines, resulting
in an inadequate dietary protein consumption to allow proper
muscle mass maintenance (Wall and van Loon, 2013). This
is also observed in our study. It could be speculated that the
feeding behavior observed in cage-restricted rats could reflect
the environmental stress at which apparently the animals were
submitted (Zylan and Brown, 1996). Indeed, the inhibition of
vegetative functions, such as appetite and feeding, is considered
an acute physiological response resulting from the effects of
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TABLE 1 | Body weight gain, food intake, energetic efficiency, and body composition in immobilized Wistar rats.

Parameters 7 DAYS 14 DAYS 28 DAYS ANOVA
CONTROL IMMO CONTROL IMMO CONTROL IMMO 1 T IXT
(FBW-IBW) 6.2 £+ 3.8(5) 9.2 £ 2.3(6) 36.7 + 4.5(9) 22.3 + 4.8(12) 43.4 + 9.1(5) 43.4 + 5.1(6) ns 0.001 ns
DAILY FOOD INTAKE 7.4 £ 0.4(5) 6.9 + 0.2(6) 6.1 £ 0.1(9) 55+ 0.2(12) 5.3 £ 0.3(5) 5.0 £ 0.2(6) 0.015 0.001 ns
ENERGETIC EFFICIENCY 41 £2.7(5) 7.0 £ 1.8(6) 13.6 £ 1.5(9) 9.0 £ 1.9(12) 9.1 £ 1.5(5) 9.9 £+ 0.9(6) ns 0.016 ns
% FAT MASS 10.3 £ 0.7(5) 10.0 £+ 0.3(6) 12.2 £ 0.4(9) 11.8 £ 0.4(12) 12.2 £ 0.8(5) 11.7 £ 0.8(6) ns 0.004 ns
% LEAN MASS 85.0 + 1.0(5) 85.4 + 0.6(6) 83.0 + 0.6(9) 83.0 + 0.4(12) 82.6 + 0.7(5) 83.9 + 0.7(6) ns 0.030 ns

Data are summarized as mean £+ SEM, number of animals (replicates) indicated in parentheses for control (CONTROL) and immobilized (IMMQO) groups. IBW, initial body weight, FBW,
final body weight (in grams). The formula used to calculate the ENERGETIC EFFICIENCY was [(FBW-IBW)/food ingested] x 100, ingested food in grams. The formula used to calculate
the DAILY FOOD INTAKE was (food ingested per day within the period/IBW) x 100, food intake are expressed as grams per 100 grams of initial body weight. Upper body composition
(FAT and LEAN MASS percentage) was measured by Magnetic Resonance Imaging analysis. Statistical significant differences were evaluated by a full factorial two-way ANOVA (fixed
factors: I, immobilization, T, Time; IxT denotes the interaction term), p-values are shown in the three columns on the right (ns, non-significant differences, which implies a p-value equal

to or greater than 0.05).

TABLE 2 | Plasmatic corticosteroid levels and adrenal glands weight.

CONTROL IMMO
CORTICOSTEROID LEVELS (ng/mL)

Day 1 335 + 57 (4) 242 + 33 (5)
Day 4 212 + 67 (5) 271 + 66 (5)
Day 8 314 + 48 (5) 213 + 20 (4)
Day 14 190 + 61 (4) 384 + 74 (4)
ADRENAL GLANDS (mg/100g IBW)

Day 7 27.9 4 2.7 (4) 24.0 + 2.7 (6)
Day 14 30.2 0.9 (9) 27.6+1.0(9)

Corticosteroid levels (ng/mL) are expressed as mean + SEM for the number of animals
indicated in parentheses for control (CONTROL) and immobilized (IMMO) groups. Adrenal
glands weights are expressed as milligrams per 100 grams of initial body weight.
Data were analyzed by a Repeated Measures Linear Mixed Model, being time (T) the
repeated measures factor and immobilization (1) a fixed-effects factor. Restricted Maximum
Likelihood (REML) method was used to fit the mixed model. According to the values
of Akaike Information Criterion (AIC) and Schwarz Bayesian Information Criterion (BIC),
identity scaling was finally chosen as the covariance matrix structure. fFor corticosteroid
levels: no significant differences were detected over time (T, p = 0.806) or for the
immobilization factor (I, p = 0.697), neither for interaction (IXT, p = 0.052). For adrenal
glands: Statistical significance was tested by a full factorial two-way ANOVA (fixed factors:
immobilization (I) (p = 0.080), Time (T) (p = 0.516); interaction (IxT) (p = 0.990).

stress, induced by the immobilization device, on the appetite-
satiety centers in the hypothalamus (Shimizu et al, 1989;
Krahn et al., 1990; Charmandari et al., 2005). Certain peptides
and neurotransmitters are involved in this response, such as
monoamines (Kennett et al., 1987) corticotrophin-releasing
hormone (CRH) (Krahn et al., 1988, 1990; Rich, 2005) and others
(Charmandari et al., 2005). The body’s response to a stressful
stimulus is regulated by the hypothalamic-pituitary-adrenal
(HPA) axis through hormonal feedback (Cruthirds et al., 2011).
The HPA axis involves the release of corticotrophin-releasing
hormone (CTH) from the hypothalamus, which modulates
the secretion of adrenocorticotropin hormone (ACTH) from
the anterior pituitary, which then controls the secretion of
glucocorticoid from the adrenal glands (Cruthirds et al., 2011).
Many immobilization models in rodents are defined as severe
chronic stressors (Marti et al., 1994). Ricart-Jané et al. reported

SCONTROL
AUC
Ommmo
= 12000 7
E b b
& 10000 b
2 b
!é’ 8000 - ab
e 6000 - "
[~]
E]
& 4000 -
2000 1
01
7 days 14 days 28 days

FIGURE 3 | Area under the curve (AUC) of plasma incremental
glycaemia values in immobilized Wistar rats. Each bar and segment
represents mean values + SEM for CONTROL (n = 5) and immobilized groups
(IMMO) (n = 6). Statistical significant differences were evaluated by a full
factorial two-way ANOVA (fixed factors: | = immobilization, T = Time; IXT
denotes the interaction term): |, p = ns; T, p = 0.083; IXT, p = 0.021. Post-hoc
pairwise comparisons were performed (Duncan method); different letters (a
and b) indicate significant differences between the experimental groups.

that immobilization resulted in decreased body weight gain and
food intake, together with an increase in the weight of the adrenal
glands. It also resulted in a decrease in liver glycogen, all of
them signs of chronic stress (Ricart-Jané et al., 2002). However,
the results obtained concerning corticosterone concentrations in
our immobilization model confirmed that the changes observed
in food intake could not be attributed to stress. In fact,
the circulating corticosteroids concentrations together with the
unchanged adrenal glands weight (Table 2) and the unaltered
body weight gain (Table 1), confirmed that the immobilization
model proposed does not represent a physical stressor for the
animal.

No changes were observed on glucose metabolism when
the immobilization period was longer than 7 days, possibly as
a consequence of the activation of a compensatory response
improving the ability of the organism to adapt and increase its
chance for the survival. However, further analysis is mandatory
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TABLE 3 | Muscle weights and grip force in immobilized Wistar rats.

7 DAYS 14 DAYS 28 DAYS ANOVA
CONTROL IMMO CONTROL IMMO CONTROL IMMO 1 T IXT
GSN 597.6 + 16.1(5) 604.1 £ 82(6)  592.2 + 14.7(9) 607.7 £ 9.7(12)  674.4 £ 80(6)  659.0 + 16.66)  ns 0.001 ns
EDL 471 + 2.0(5) 48.4 + 1.3(6) 45.6 + 1.3(9) 47.2 + 0.7(12) 49.2 + 0.3(5) 48.6 + 1.9(6) ns ns ns
TIB 184.6 £ 10.2(5)  193.6 £ 2.36) 1940 +£5.109) 1959+ 3.1(12)  207.4+5.7(5)  207.5 + 6.3(6) ns 0.012 ns
SoL 43.7 + 2.9(5) 40.5 + 0.9(6) 42.7 £ 1.5(8) 38.2 + 0.5(12) 482 + 2.1(5) 41.8+066) 0001 0004 ns
HEART 264.8 £ 7.86)b 2443 +3.06)a 2763 +3.80b 2409 +7.2(12a  266.7 £ 556)b 2693 + 7.7@)b  0.004 ns 0.026
GRIP FORCE 3.8+ 0.1(5) 3.3+ 0.1(6) 3.7 +£0.1() 3.5+ 0.1(11) 4.0 +0.2(5) 3.8+026) 0005 0.029 ns

Mean + SEM for the number of animals indicated in parentheses are shown for every period for control (CONTROL) and immobilized (IMMO) groups. Muscle weights are expressed as
milligrams per 100 grams of initial body weight. Statistical significance was tested by a full factorial two-way ANOVA (fixed factors: |, immobilization, T, Time; IxT denotes the interaction
term), p-values are shown in the three columns on the right (ns, non-significant differences, which implies a p-value equal to or greater than 0.05). It has been detected a significant
interaction term in the model for the heart, so that pairwise comparisons were performed (Duncan method); different letters indicate significant differences between the experimental
groups. GSN, gastrocnemius, EDL, extensor digitorum longus, TIB, tibialis, SOL: soleus. Muscle force of the animal was tested once a week and was expressed as g/g initial body
weight.

TABLE 4 | Bone Mineral density (BMD) of immobilized Wistar rats.

7 DAYS 14 DAYS 28 DAYS ANOVA
BONE CONTROL IMMO CONTROL IMMO CONTROL IMMO 1 T IXT
LV-25 1751 +£39(5) 1734+26(6)  1835+24(9)  1727+22(12)  1899+35()  180.1+4.2(6) 0006  0.011 ns
HUMERUS  159.8+2.1(5)  162.8+£22(6)  169.6+29(9)  1652+£20(12) 1753+20(5) 1756+ 2.6(6) ns 0.001 ns
FOREARM 154.9+£23(5) 161.8+25(6) 1622+47(9)  161.0+19(12) 1659+46()  166.9+3.0(6) ns ns ns
TIBIA 150.7 £0.9(5)  1506+0.8(6)  159.2+09(8)  1529+19(12) 1656+ 18()  164.2+2.6(6) ns 0.001 ns
FEMUR 196.5+£3.3(5) 1988+12(6)  2085+£24(9)  201.3+41(12)  2191+26(6)  213.7+£4.0(6) ns 0.001 ns

Mean + SEM for the number of animals indicated in parentheses for control (CONTROL) and immobilized (IMMO) groups are shown for every period. Bone Mineral density (BMD)
was measured by peripheral Dual-energy X-ray Absorptiometry (pDEXA) analysis and expressed as mg/cm?. Statistical significance was tested by a full factorial two-way ANOVA (fixed
factors: I, immobilization, T, Time; IXT denotes the interaction term). p-values are shown in the three columns on the right (ns, non-significant differences, which implies a p-value equal

to or greater than 0.05).

to clarify the molecular pathways underlying the hyperglycaemia
observed.

Several studies indicate an inverse relationship between
physical activity and risk of gastrointestinal-related disease, such
as colon cancer, diverticular disease, cholelithiasis or constipation
(Everhart et al., 1989; Aldoori et al., 1995; Colditz et al., 1997;
Leitzmann et al., 1998, 1999; Peters et al., 2001). In particular, the
last is an uncomfortable gastrointestinal disturb, very common
in the Western society, that is strictly associated with diet and
physical exercise and characterized by hard stool consistency,
straining and incomplete defecation (Sandler and Drossman,
1987; Dukas et al., 2003). For this reasons, we evaluated the effects
of reduced physical mobility induced by our model on bowel
functionality of the immobilized rats using a methodology based
on the gastrointestinal distribution of [*H]inulin, an indigestible
carbohydrate (Arbds et al., 1993). From our data, physical
inactivity did not influence gastrointestinal motility (Figure 4).

In patients, a period of prolonged bed rest, ranging between 10
and 42 days, is accompanied by a variable loss in muscle strength
(between 0.3 and 4.2% per day) (Wall et al., 2013). In our study,
immobilization resulted in a significant decrease in soleus weight
(Table 3). This result is in accordance with that observed in many
other rodent models of immobilization and hindlimb unloading,

which have reported a greater muscle loss in the extensor muscles
of the ankle (i.e., soleus and gastrocnemius) rather than the flexor
muscles (i.e., tibialis anterior and extensor digitorum longus)
(Thomason and Booth, 1990; Ohira et al., 2002; Adams et al.,
2003; Zhong et al., 2005), demonstrating a preferential sensitivity
to unloading of muscles predominately expressing the slow MHC
phenotype (Baldwin et al., 2013). In addition of the decreased
soleus weight, a significant decrease in the cross sectional area
(CSA) of the muscle fibers was observed in all the immobilization
groups studied (Figure 5). Indeed, a reduced CSA is the main
characteristic morphological alteration resulting from muscle
atrophy. Other alterations are: sarcomere dissolution, endothelial
degradation, build-up of connective tissue between muscle fibers,
reduction in the number of mitochondria, and a reduction in
capillary density (Tyml et al., 1990; Ohira et al., 2002; Nielsen
et al,, 2010; Giordano et al.,, 2014). Our data are in agreement
with the reduced CSA value reported in muscle fibers after 16
days of hindlimb suspension (Ishihara et al., 2002), and after 7
days of hindlimb casting immobilization (Talbert et al., 2013).
Our model is characterized by a slower rate of muscle wasting
in comparison with other immobilization models. For instance,
7 and 14 days of hindlimb suspension induce around 20 and
50%, respectively, of atrophy in the soleus muscle (Isfort et al.,
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FIGURE 4 | Gastrointestinal motility in immobilized Wistar rats. The represented results are mean values + SEM for control group (CONTROL) (n = 5 animals)
and immobilized group (IMMO) (n = 6) animals in each gastrointestinal segment. Gastrointestinal distribution of orally-administrated [SH]InuIin. ST: Stomach, 11 to 16:
Intestine equivalent segments from duodenal to colon. Data were analyzed by a Linear Mixed Model, being time (T) and immobilization (I) two crossed
between-subjects factors, and gastrointestinal segment (G) the within-subjects factor (repeated measures). Restricted Maximum Likelihood (REML) method was used
to fit the model. According to Akaike Information Criterion (AIC) and Schwarz Bayesian Information Criterion (BIC), a heterogeneous Toeplitz covariance structure was
finally chosen. Only significant differences among the gastrointestinal segments were detected (G, p = 0.000).

2002; De Boer et al, 2007). Meanwhile, 8 days of hindlimb
immobilization using the plaster-cast model causes an atrophy
of 23% in the soleus muscle (Vazeille et al., 2008). Other studies,
using animal models, have suggested that the atrophy-induced
disuse is driven by a decreased rate of protein synthesis and an
increased rate of protein degradation (Booth and Seider, 1979;
Tucker et al.,, 1981; Medina et al., 1995; Taillandier et al., 1996;
Krawiec et al., 2005). Thomas on and Booth proposed a model
to describe the mechanisms responsible for muscle loss observed
in rat soleus muscle following hindlimb unloading. They identify
a very fast decrease in protein synthesis rate followed by a
gradually increase of the protein degradation rate which reached
a peak by 15 days and then declined to below baseline levels
(Thomason and Booth, 1990). Conversely, in humans subjects,
the muscle atrophy observed during prolonged muscle disuse
(>10 days) is a direct consequence of a reduced post-absorptive
and post-prandial muscle synthesis rather than due to changes in
muscle protein breakdown rates (Wall et al., 2013). Meanwhile
during short term disuse (<10 days), the rapid muscle loss is

probably due to increased muscle protein degradation that takes
place simultaneously to reduced muscle protein synthesis (Wall
etal., 2013). Moreover, and in accordance to human studies (Seki
et al., 2001), the data presented in Table 3 showed significant
decrease of muscle force after 7 and 14 days of physical inactivity
therefore validating further the efficacy of the model to mimic the
physiological effects of bed rest in humans.

Heart weight was also decreased after 7 and 14 days of
immobilization (Table 3). This result is in the agreement with
published data obtained in humans showing that 6 weeks of
horizontal bed rest cause cardiac atrophy (8%) as a consequence
of physiological adaptation to a reduced maximal oxygen uptake
and to reserve capacity in perform physical work (Convertino,
1997; Perhonen et al., 2001). On the same lines, Evans and
Ivy using experimental animal models, underlined the ability of
the hindlimb immobilization technique to induce a generalized
catabolic state that was not only restricted to the muscle
immobilized but also affected the cardiac tissue, impairing its
aerobic capacity and reducing muscle size (Evans and Ivy, 1982).
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FIGURE 5 | Muscle fiber size in immobilized Wistar rats. (A) Representative images of muscle tissue sections stained with haematoxylin and eosin. (B) Muscle
fiber cross-sectional area (pixels) of soleus muscle was determined on randomly chosen 100 individual fibers per animal by the Matic Image Plus 2. Bars and
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28 days

Several studies have shown that disuse atrophy is associated
with bone loss (Bloomfield, 1997; Collet et al., 1997; Kiratli
et al., 2000). The bone mineral density (BMD) is the result of a
dynamic process, called remodeling, which involves the removal
of old or damaged bone by osteoclasts (bone resorption) and
the subsequent replacement of new bone formed by osteoblasts
(bone formation) (Feng and McDonald, 2011). The absence of
intermittent mechanical solicitations, usually produced during
loading and muscle contractions, is responsible of progressive
deformations of cartilages and alterations of bone remodeling
which results in a disorder termed immobilization-induced
osteoporosis (Feng and McDonald, 2011). Indeed, studies in
healthy subjects have shown that only 24 h of immobilization
induced a rise in the osteoclast activity associated with a
pronounced increase of bone resorption markers (Suzuki et al.,
1994; Heer et al., 2005). In our model this loss of bone density was
also observed. In other models, it has been shown that 10 days

of hindlimb immobilization by plaster cast caused bone loss as
measured by a reduced bone mineral density of the femur (—9%)
and a decreased trabecular bone volumen of the tibial metaphysis
(—25%) (Hott et al., 2003). The loss of bone weight induced
by casting immobilization was mainly due to mineral losses -
as indicated by changes in wet weight, ash weight, and calcium
content- with a substantial part of the decrease affecting the
trabecular bone and not the reduction of external bone volume
(Tuukkanen et al., 1991).

CONCLUSIONS

The muscle atrophy together with a significant decline in
muscle mass and force, and the loss of bone mass, define the
proposed immobilization model as a new tool for the study of
disuse-muscle atrophy. Our new procedure overcomes several
limitations of the other commonly used immobilization ones,
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with the advantages of being a low-cost and non-invasive
model, standardized, reproducible and easy to implement. It
does not require specific expensive equipment, and it maintains
neural innervation to the musculature, while it does not
alter the body weight and permits recovery-type studies to
be performed with a low level of stress. Furthermore, in
terms of lifespan, the immobilization periods used here are
far longer than those used previously with human studies,
characterizing therefore a “soft} “slow” and long-term model
of muscle atrophy that better reproduces the muscle loss of
a patient in bed rest condition. The ability of the rat to
slightly move in circles inside the restraint cage reflects the
real-life circumstances of patients that are not completely
immobilized.

Altogether, the results presented here propose a new
model for studying the effects of bed rest in experimental
animals by reducing cage volume. In this model the number
of movements -particularly locomotion ones- are virtually
abolished, in a similar situation as is found during bed rest.
The muscle atrophy, a significant decline in muscle force
together with the loss of bone mass are the main effects
of the proposed immobilization model which may potentially
serve to investigate the effects of bed-rest in pathological states
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