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Abstract

A rotator cuff tear (RCT) is a common musculoskeletal disorder among

elderly people. RCT is often treated conservatively for functional compensa-

tion by the remaining muscles. However, the mode of such compensation

after RCT has not yet been fully understood. Here, we used the RCT rat

model to investigate the compensatory process in the remaining muscles.

The involvement of insulin-like growth factor 1 (IGF-1)/Akt signaling which

potentially contributes to the muscle growth was also examined. The RCT

made by transecting the supraspinatus (SSP) tendon resulted in atrophy of

the SSP muscle. The remaining infraspinatus (ISP) muscle weight increased

rapidly after a transient decrease (3 days), which could be induced by post-

traumatic immobilization. The IGF-1 mRNA levels increased transiently at

7 days followed by a gradual increase thereafter in the ISP muscle, and those

of IGF-1 receptor mRNA significantly increased after 3 days. IGF-1 protein

levels biphasically increased (3 and 14 days), then gradually decreased thereaf-

ter. The IGF-1 protein levels tended to show a negative correlation with IGF-1

mRNA levels. These levels also showed a negative correlation with the ISP

muscle weight, indicating that the increase in IGF-1 secretion may contribute

to the ISP muscle growth. The pAkt/Akt protein ratio decreased transiently by

14 days, but recovered later. The IGF-1 protein levels were negatively corre-

lated with the pAkt/Akt ratio. These results indicate that transection of the

SSP tendon activates IGF-1/Akt signaling in the remaining ISP muscle for

structural compensation. Thus, the remaining muscles after RCT can be a tar-

get for rehabilitation through the activation of IGF-1/Akt signaling.

Introduction

The shoulder joint lacks inherent bony restraint, and the

dynamic stability of the shoulder joint is provided by the

rotator cuff musculature, which consists of four muscles:

the subscapularis, supraspinatus (SSP), infraspinatus

(ISP), and teres minor. These muscles provide dynamic

stability to the glenohumeral joint by compressing the

humeral head into the glenoid concavity. The balance

among the anterior subscapularis, posterior ISP, and teres

minor has been proposed to be critical for this function.

Several studies have shown that, even when the superior

part of the rotator cuff musculature, the SSP, is torn, this

anterior-posterior force balance can provide concavity

compression and resist superior displacement of the hum-

eral head despite superior pull of the deltoid muscle dur-

ing abduction (Thompson et al. 1996; Lee et al. 2000;

Parsons et al. 2002).

Among the most common musculoskeletal problems

encountered in aging humans, the rotator cuff tear (RCT)
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(Yamaguchi et al. 2006; Yamamoto et al. 2010) causes

disruption of normal shoulder kinematics, pain in motion

and loss of muscle strength. Surgical treatment for RCT is

sometimes performed to reconstruct the rotator cuff

musculature by suturing the torn tendon, and to restore

the force balance. Conservative treatment for RCT to

train the remaining rotator cuff muscles for functional

compensation is also commonly performed. Although

rehabilitation training has been recommended for the

conservative treatment, a limited availability of informa-

tion on the mode of compensation of the remaining mus-

cles after RCT made it difficult to design an appropriate

rehabilitation program. As an animal model for injury-

induced compensation of skeletal muscle, ablation of the

soleus and gastrocnemius muscles in rat has been used

(DeVol et al. 1990; Adams and Haddad 1996; Tamaki

and Shiraishi 1996). In these studies, it has been reported

that the weight of the remaining plantaris muscle was

increased significantly.

Insulin-like growth factor 1 (IGF-1) and its downstream

process, the PI3K/Akt system, play an important role in

the growth and differentiation of many organs, including

skeletal muscle. Various organs produce IGF-1, most of

which act in a para- or autocrine manner. On the other

hand, the liver supplies approximately 75% of circulating

IGF-1 (Schwander et al. 1983). However, although selec-

tive abolishment of IGF-1 production in hepatocytes leads

to a 75% reduction in circulating IGF-1 levels, no growth

impairment is observed (Matheny et al. 2009). In skeletal

muscle, local administration of IGF-1 induces hypertrophy

in rats (Adams and McCue 1998). In addition, skeletal

muscle is also able to produce IGF-1 under several specific

conditions such as mechanical loading including exercise.

The produced IGF-1 acts locally in a para- or autocrine

manner and thus does not alter circulating IGF-1 levels

(DeVol et al. 1990; Bamman et al. 2001; Walker et al.

2004; Petrella et al. 2006). Binding of IGF-1 to its receptor

induces a conformational change in the transphosphoryla-

tion of IGF-1 receptor tyrosine kinase. This interaction

induces the subsequent phosphorylation of intracellular

downstream factors such as Akt (Glass 2003; Bassel-Duby

and Olson 2006; Philippou et al. 2007; Gundersen 2011).

Akt is a serine/threonine kinase that has emerged as a

critical signaling component for the regulation of cellular

metabolism, growth, and survival in multiple systems. In

skeletal muscle, Akt phosphorylation activates protein

synthesis and results in hypertrophy. Conditional activa-

tion of Akt in skeletal muscle induces rapid hypertrophy

in mice (Lai et al. 2004), and running exercise or nerve

stimulation induced Akt phosphorylation in skeletal mus-

cle (Nader and Esser 2001; Sakamoto et al. 2002, 2003).

The objective of this study was to determine if the com-

pensatory hypertrophy of the ISP muscle occurs in our

RCT rat models, and if IGF-1/Akt signaling is activated

during compensation. Our hypothesis was that the detach-

ment of the SSP tendon may alter the mechanical load in

the ISP muscle and activate the intracellular signal trans-

duction pathway that may be involved in the compensa-

tion.

Material and Methods

Animals

This study was approved by the Animal Care and Experi-

mentation Committee, Gunma University. All efforts were

made to minimize the suffering and number of animals

in this study. Thirty-five male Wistar rats (body weight

240–260 g) used in this study were purchased from SLC

Japan, Hamamatsu, Japan. All the rats were housed with

food and water ad libitum under controlled temperature

(24°C), humidity and illumination (12:12 light–dark
cycle; lights on at 6:00 AM).

SSP tendon detachment

The rats were divided into seven groups (n = 5/group).

Under anesthesia with ketamine and xylazine (60 mg of

ketamine/kg body weight and 12 mg of xylazine/kg body

weight, i.p.), all the rats received surgery for the detach-

ment of the SSP tendon of the left shoulder in accordance

with previous reports (Fig. 1) (Barton et al. 2005; Perry

et al. 2009; Ward et al. 2010). With the arm in external

rotation, a 2 cm skin incision was made, followed by

blunt dissection down to the rotator cuff musculature

(Fig. 1A). The rotator cuff was exposed, and the tendons

were visualized at their insertion on the humerus. The

SSP tendon was identified as that passing underneath the

acromion. Suture was passed under the acromion to

apply upward traction for further exposure, and the SSP

tendon was separated from the other rotator cuff tendons

before sharp detachment at its insertion on the greater

tuberosity using a scalpel blade (Fig. 1B and C). After the

detachment, the SSP tendon was partly removed. A 5-0

nylon suture was used to close the skin, and the rats were

allowed unrestricted cage activity.

Sample collection and preparation

The rats were anesthetized with diethyl ether and sacri-

ficed by decapitation at 0, 3, 7, 14, 28, 56, and 84 days

following the tendon detachment. The deltoid muscle was

removed carefully after the shoulder girdle was removed.

Then the SSP and ISP muscles of left forelimbs were

removed from the scapula and humerus. Collected mus-

cles were immediately weighed, frozen in liquid nitrogen
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and stored at �80°C until use. The ratio of the collected

muscle weight to whole body weight was used for subse-

quent statistical analysis.

Total RNA isolation and cDNA synthesis

Total RNA from muscle tissue was isolated with Qiagen

RNeasy� Lipid Tissue Kit (Qiagen Inc., Valencia, CA) in

accordance with the manufacturer’s instructions. Briefly,

the ISP muscles were homogenized in lysis buffer sup-

plied with the kit. Total RNA was isolated and treated

with DNase. The concentration and purity of the isolated

RNA were determined by UV spectrophotometry (Beck-

man Coulter, Inc., Brea, CA). RNA with a 260/280 ratio

of 1.5–2.0 was used for cDNA synthesis. cDNA was

reverse transcribed from 2.5 lg of total RNA and Prime-

Script RT kit (Takara Bio Inc., Otsu, Japan) in a final

volume of 50 lL at 37°C for 15 min, followed by 85°C

for 5 sec. The synthesized cDNA was dispensed and

stored at �80°C until the subsequent polymerase chain

reaction.

Polymerase chain reaction, electrophoresis,
and semi-quantification

cDNA was amplified in 12.5 lL of reaction solution con-

taining appropriate primer pairs and Taq DNA polymer-

ase (Roche Diagnostics GmbH, Mannheim, Germany).

Primer sequences and annealing temperatures are shown

in Table 1. The thermal cycling program consisted of an

initial denaturation step at 95°C for 3 min, followed by

an indicated number (Table 1) of cycles at 95°C for

15 sec, a 10-sec annealing step, and a 45-sec extension

step at 72°C. The optimal number of PCR cycles was

determined on the basis of the linearity of amplification.

After the last cycle, samples were incubated at 72°C for

A

B C

Figure 1. Schematic showing the surgical procedure. Surgical transection of the supraspinatus tendon was performed in the left shoulder. (A)

A skin incision was made to expose the rotator cuff tendons. (B) The supraspinatus tendon was exposed by splitting the deltoid muscle

(trapezius muscle is not shown in this figure for clarity). (C) The supraspinatus tendon was partly removed from the greater tuberosity of the

humerus. For clarity, deltoid muscle, acromion, and clavicle are not shown in this figure.
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5 min, before being held at 4°C. PCR products were

diluted 5:1 with loading dye (Ambion, Inc., Austin, TX),

and 10 lL of them were analyzed by electrophoresis on a

2.0% agarose gel at 100 V/cm in tris acetate EDTA buffer.

The products were visualized with ethidium bromide and

quantified with ImageJ Software (NIH). The PCR results

for each sample were normalized with glyceraldehyde

3-phosphate dehydrogenase (GAPDH) mRNA levels as an

internal control.

Enzyme-linked immunosorbent assay

The ISP muscles were homogenized with radioimmuno-

precipitation assay buffer containing proteinase inhibitors

and centrifuged at 10000 g. The supernatant was taken

and stored at �80°C until use. The total protein concen-

trations of the samples were determined using a commer-

cially available assay kit (Bio-Rad Laboratories, Hercules,

CA) with bovine serum albumin (BSA) as a standard.

After the determination of the total protein concentra-

tion, the total IGF-1 peptide concentration was deter-

mined using a commercially available Enzyme-linked

immunosorbent assay (ELISA kit) (R&D Systems, Minne-

apolis, MN). The IGF-1 concentration was expressed as

pg IGF-1/mg total protein.

Western immunoblotting analysis

Protein samples were diluted with Laemmli buffer (Bio-

Rad Laboratories) to 1 lg/lL and heat-denatured for

4 min at 96°C. Samples (10 lg/lane) were loaded on a

12.5% polyacrylamide gel. The separated proteins were

then transferred from the gel to a nitrocellulose mem-

brane (GE Healthcare Inc., Piscataway, NJ) for 1 h at

room temperature, and blocked for 1 h at room temper-

ature in 3% blocking reagent (GE Healthcare Inc.) in tris

buffered saline (TBS) buffer with 0.1% Tween 20 (TBS-

T). Membranes were incubated overnight at 4°C with

rabbit monoclonal anti-Akt (1:1000) or anti-phospho-

Akt (pAkt) (ser473) (1:2000) antibodies (both from Cell

Signaling Technology Inc, Danvers, MA) in TBS buffer.

The subsequent incubation with secondary antibody (anti-

rabbit IgG) conjugated with horseradish peroxidase

(1:15000) (GE Healthcare Inc.) was performed at room

temperature for 1 h. The signals were developed using

enhanced chemiluminescence (ECL) prime reagent (GE

Healthcare Inc.) and imaged (Lumi-Imager F1 LumiImag-

er, Roche Mannheim Boehringer, Mannheim, Germany).

The band intensities were determined using ImageJ Soft-

ware (NIH).

Statistical analysis

Statistical analysis was performed using SPSS (version

17.0) software (IBM, Chicago, IL). Data were subjected to

one-way analyses of variance (ANOVA) as applicable, fol-

lowing by Tukey’s test for post hoc comparison. Correla-

tions between IGF-1 mRNA levels and the weight ratio of

the ISP muscle, IGF-1 protein, and IGF-1 mRNA levels,

IGF-1 protein levels and the weight ratio of the ISP mus-

cle, and IGF-1 protein levels and the ratio of pAkt/Akt

were analyzed using Pearson’s correlation test. A P-value

<0.05 was considered significant in all the analyses.

Results

Changes in the SSP and ISP muscle weights

Normal rats continued to grow during the course of the

experiment; for this reason, the muscle weight was nor-

malized to the whole body weight. The ratio of the SSP

muscle weight to whole body weight decreased rapidly

at 7 days following the tendon detachment, and contin-

ued to decrease until 84 days. The ratios were signifi-

Table 1. Primer sequences, annealing temperatures, and amplification cycles for reverse transcription polymerase chain reaction.

Primers Sequence (5′-3′)

Length of

product (bp)

Annealing

temperature

Amplification

cycle

GAPDH

Sense CAAGGCCGAGAATGGGAAGCT 184 55 20

Antisense GATGATGACCCTTTTGGCTCC

IGF-1

Sense AAGCCTACAAAGTCAGCTCG 166 55 37

Antisense GGTCTTGTTTCCTGCACTTC

IGF-1 receptor

Sense AAAACCATCGATTCTGTGACG 199 59.5 35

Antisense GGTTCTTCAGGAAGGACAAGG

GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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cantly lower at 7, 14, 28, 56, and 84 days than at 0 day,

and those were also significantly lower at 14 and

84 days than at 3 days (Fig. 2A). Scar tissue was formed

between the end of the SSP tendon and the insertion

site of the humerus in all the rats except for the 0 and

3 days group. On the other hand, the ratio of the ISP

muscle weight to whole body weight decreased at

3 days, but increased thereafter. The ratios were signifi-

cantly higher at 28, 56, and 84 days than at 3 days

(Fig. 2B). Compared with those at 0 day, the ratios

tended to be higher after 7 days (P = 0.013, by ANO-

VA), but no statistical significance by post hoc compari-

son was observed.

Changes in IGF-1 and IGF-1 receptor mRNA
levels

Representative amplified PCR bands are shown in

Fig. 3A. IGF-1 mRNA levels increased transiently at

7 days (Fig. 3B). Then, it decreased to levels similar to

those before the tendon detachment at 14 days. Thereaf-

ter, IGF-1 mRNA levels kept increasing until 84 days,

which were significantly higher than those at 0 day, and

the levels were also significantly higher at 7, 56, and

84 days than at 3 days (Fig. 3B). IGF-1 mRNA levels and

the ratio of the ISP muscle to the whole body weight

tended to show a positive correlation, although it was not

statistically significant (r = 0.331, P = 0.052) (Fig. 3D).

IGF-1 receptor mRNA levels increased significantly at

3 days following the tendon detachment, and remained

the same until 84 days (Fig. 3C). IGF-1 receptor mRNA

levels were significantly higher at 3, 7, 14, 28, 56, and

84 days than at 0 day (Fig. 3C).

Changes in IGF-1 protein levels

IGF-1 protein levels increased transiently at 3 days,

decreased significantly at 7 days and increased again at

14 days following the tendon detachment (Fig. 4A). After

14 days, IGF-1 protein levels decreased gradually. IGF-1

protein levels were significantly higher at 3 days than at

0, 7, 28, 56, and 84 days. The levels were also significantly

higher at 14 days than at 0 day (Fig. 4A). IGF-1 mRNA

and IGF-1 protein levels tended to show a negative corre-

lation, although it was not statistically significant

(r = �0.313, P = 0.067) (Fig. 4B). Furthermore, IGF-1

protein levels and the ratio of the ISP muscle weight

to whole body weight were negatively correlated

(r = �0.572, P < 0.01) (Fig. 4C).

Ratio of pAkt to Akt protein levels

Representative Western blot results of Akt and pAkt are

shown in Fig. 5A. We used the pAkt/Akt ratio as a phos-

phorylation scale. The ratio decreased at 3, 7, and 14 days

following the tendon detachment, and then increased to

the same level as those at 0 day thereafter (Fig. 5B). The

ratios were significantly lower at 14 days than at 0 day

(Fig. 5B). IGF-1 protein levels and pAkt/Akt ratio were

negatively correlated (r = �0.499, P = 0.002) (Fig. 5C).

Figure 2. Ratio of the SSP (A) or ISP (B) muscle weight to whole body weight. Data are shown as mean � SEM. (A) The ratio of the SSP

muscle weight significantly decreased at 14 days compared with that at 0 day. This decrease was maintained until 84 days. (B) The weight

ratio of the ISP muscle was significantly higher at 28, 56, and 84 days than at 3 days. *significant versus 0 day (P < 0.05). †significant versus

3 days (P < 0.05).
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Discussion

In this study, we have shown that tendon detachment of

the SSP muscle decreased its weight (Fig. 2A), whereas the

weight of the surrounding ISP muscle increased after a

transient decrease (Fig. 2B), which may be induced as a

consequence of the loss of movement after the surgery.

The IGF-1 mRNA levels showed an increase in a biphasic

pattern (Fig. 3B), whereas IGF-1 protein levels showed an

opposite pattern of changes (Fig. 4A). On the other hand,

IGF-1 receptor mRNA levels became higher at 3 days after

the tendon detachment and remained high until 84 days

(Fig. 3C). Finally, pAkt/Akt ratios decreased transiently

but returned to the basal level with a decrease in IGF-1

protein level in the ISP muscle. These results indicate that

atrophy of the SSP muscle induced a compensatory

growth of the surrounding ISP muscle at least in part by

the increased secretion of IGF-1 that may act in a para- or

autocrine manner.

As shown in Figure 2, the ratio of the SSP muscle

weight to whole body weight, which decreased following

the tendon detachment, never showed any recovery

A

B

D

C

Figure 3. Changes in IGF-1 and IGF-1 receptor mRNA levels in the ISP muscle. (A) Representative amplified PCR bands visualized by ethidium

bromide staining. (B) Change in relative levels of IGF-1 mRNA. Data are expressed as arbitrary units, which were normalized with the

corresponding density of GAPDH mRNA. The levels were significantly higher at 84 days than at 0 day, and those were also significantly higher

at 7, 56, and 84 days than at 3 days. (C) Change in relative levels of IGF-1 receptor mRNA. IGF-1 receptor mRNA levels were significantly

higher at 3 days following surgery than at 0 day. (D) The IGF-1 mRNA and the weight ratio of the ISP muscle tended to show a positive

correlation, but it was not statistically significant (r = 0.331, P = 0.052). *significant versus 0 day (P < 0.05). †significant versus 3 days

(P < 0.05).
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throughout the observation period. Previous studies have

shown that the SSP muscle weight decreased significantly

until 6 weeks following the tendon detachment, but

recovered at 8 weeks (Barton et al. 2005; Liu et al. 2011).

In these reports, however, the muscle weights were com-

pared only on the basis of the wet weight and the effect

of general growth was not considered. Even if the tendon

is detached, the muscle may keep growing with the

increase in general body mass. Thus, as shown in this

study, determining the ratio of muscle weight to body

weight may be a better method of examining the effect of

detachment.

The ratio of the ISP muscle weight to whole body weight

decreased temporarily at 3 days following the tendon

detachment and then tended to increase thereafter. On the

other hand, in rat models that received the soleus and

gastrocnemius muscle ablation, the remaining plantaris

muscle is well hypertrophied without any temporal

decrease in weight (DeVol et al. 1990; Adams and Haddad

1996; Tamaki and Shiraishi 1996). Our RCT model is

A B C

Figure 4. IGF-1 protein levels measured by ELISA and correlation with IGF-1 mRNA levels. (A) IGF-1 protein levels were significantly higher at

3 days than at 0, 7, 28, 56, and 84 days. The levels were also significantly higher at 14 days than at 0 day. (B) The IGF-1 mRNA and IGF-1

protein levels tended to show a negative correlation, but it was not statistically significant (r = �0.313, P = 0.067). (C) The IGF-1 protein levels

and the weight ratio of the ISP muscle were negatively correlation (r = �0.572, P < 0.01). *significant versus 0 day (P < 0.05). †significant

versus 3 days (P < 0.05).

A

B C

Figure 5. Ratio of pAkt/Akt levels and its correlation with IGF-1 protein levels. (A) Representative Western blot results of Akt and pAkt.

Western blot analysis was carried out using rabbit monoclonal antibodies against Akt or pAkt. (B) Expression ratio of pAkt/Akt in ISP muscle.

The ratios at were significantly lower 14 days than at 0 day. (C) IGF-1 protein levels and pAkt/Akt ratio were negatively correlated (r = �0.499,

P = 0.002). *significant versus 0 day (P < 0.05).
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different from such models under some conditions. One is

the degree of increased mechanical load, and the other is

the target site, shoulder or hind limb. In previous reports,

the increased mechanical load depended on only the plan-

taris muscle, whereas the increased mechanical load is dis-

persed to the ISP, teres minor, and subscapularis muscles

in our RCT model. Thus, the increase in mechanical load

on the ISP muscle may not be as large as that on the plan-

taris muscle in a previous study. Furthermore, it is not

always necessary to use their forelimbs to support their

weight when postoperative pain exists. Rats can use their

hind limb to move around or to stand up for eating. Thus,

a transient disuse of forelimb caused by the postoperative

inflammation and pain may have caused a decrease in the

ISP weight in the early period following the surgery.

IGF-1 mRNA levels increased in a biphasic manner fol-

lowing the tendon detachment. Although the exact cause

of such biphasic increase was not clarified, at least two

distinct factors can be considered. The IGF-1 mRNA level

in the plantaris muscle is also increased in the artificial

muscle hypertrophy rat model (DeVol et al. 1990; Adams

and Haddad 1996; Adams et al. 1999). In their study,

IGF-1 mRNA levels kept increasing from early to late

phase following intervention (exercise and surgery), and

they conclude that the IGF-1 mRNA expression is due to

increased mechanical load. In this regard, a gradual

increase in IGF-1 mRNA level with an increase in the ISP

muscle weight ratio after 14 days may be induced

through a similar mechanism. On the other hand, how-

ever, a transient increase in IGF-1 mRNA level at 7 days

may not be due to an increase in mechanical load.

Rather, the IGF-1 mRNA expression may be stimulated

by inflammation. Certain inflammatory cytokines, inter-

leukin (IL)-6 and chemokine (C-C motif) ligand (CCL)

2, are involved in skeletal muscle hypertrophy or regener-

ation, and knockout of these cytokine genes inhibits the

increase in muscle weight and the IGF-1 mRNA level in

the early period following the intervention (Lu et al.

2011; Washington et al. 2011). Taken together with these

previous reports, the present results indicate that postop-

erative inflammation may mainly induce a transient

increase in the IGF-1 mRNA level in the early period fol-

lowing the tendon detachment, and that the increase in

mechanical load mainly stimulates IGF-1 mRNA expres-

sion in the later period, causing a biphasic increase in its

expression.

In addition to IGF-1 mRNA, IGF-1 receptor mRNA

levels also increased significantly from the early period

following the tendon detachment and maintained its high

level until the end of the observation period. The IGF-1

receptor is essential for IGF-1 action. Its transphosph-

orylation activates subsequent phosphorylation of

downstream molecules related to muscle hypertrophy

(Philippou et al. 2007). The IGF-1 receptor mRNA levels

in the skeletal muscle increase by resistant or chronic

exercise (Haddad and Adams 2002, 2006) and in the arti-

ficial hypertrophy rat model (Owino et al. 2001). In addi-

tion, chronic exercise not only increases the IGF-1

receptor mRNA level but also enhances the binding

capacity of the IGF-1 receptor (Willis et al. 1998). From

these reports, it seemed that the IGF-1 receptor expres-

sion level in the skeletal muscle is increased to adapt to

the increase in mechanical load. Thus, the present results

indicate that the expression of the IGF-1 receptor mRNA

in the ISP muscle is stimulated by the increase in

mechanical load caused by the SSP tendon detachment.

At 3 days, when IGF-1 mRNA levels were lower than

at 0 day, the IGF-1 protein levels transiently increased.

When the IGF-1 mRNA level showed a sharp increase at

7 days, on the other hand, its protein level decreased.

Then, while the IGF-1 mRNA level gradually increased

from 14 days until the end of the observation period, its

protein level tended to decrease. These patterns tended to

show a negative correlation. In the skeletal muscle, the

IGF-1 protein is secreted in an autocrine or autocrine/

paracrine manner (Glass 2003; Bassel-Duby and Olson

2006; Philippou et al. 2007; Gundersen 2011), and thus,

the intracellular level of IGF-1 is decreased by secretion

into the extracellular space. The present results indicate

that IGF-1 mRNA synthesis is transiently decreased at

3 days, resulting in an increase in the intracellular protein

level of IGF-1 and then, with the increase in IGF-1

mRNA synthesis, its release was activated, resulting in the

decrease in the intracellular protein level of IGF-1. In the

previous study, however, IGF-1 protein levels in the skele-

tal muscle increased significantly following the surgical

intervention in the artificial hypertrophy rat model in

parallel with IGF-1 mRNA levels (Adams and Haddad

1996). The cause of the difference between this previous

study and this study is not known. However, while previ-

ous studies showed a clear hypertrophy (50% increases at

6 days and 100% increases at 28 days) of the plantaris

muscles following the unilateral or bilateral removal of

the gastrocnemius and soleus muscles (Adams and Had-

dad 1996; Tamaki and Shiraishi 1996), no such strong

hypertrophy was observed in this study, indicating that

the mechanical load is much lower. Thus, in their study,

protein synthesis may have exceeded the speed of secre-

tion, resulting in IGF-1 protein accumulation in parallel

with its mRNA accumulation.

Among biomolecules which were measured in this

study, IGF-1 mRNA levels tended to show a positive cor-

relation with the ratio of the ISP muscle to the whole

body weight, and IGF-1 protein levels were negatively

correlated with the ratio of the ISP muscle weight. As

mentioned above, increased IGF-1 mRNA indicates acti-
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vated synthesis of IGF-1 protein, and decreased intracellu-

lar IGF-1 protein level indicates activated secretion to the

extracellular space. Thus, these correlations suggest that

the weight of the ISP muscle was affected by the synthesis

and secretion of IGF-1. The increase in IGF-1 secretion

may at least in part contribute to the ISP muscle growth.

The pAkt/Akt ratios in the ISP muscle decreased until

14 days following the tendon detachment, and increased

to the same level as the baseline thereafter. Intracellular

IGF-1 protein levels and pAkt/Akt ratios were negatively

correlated, indicating that the Akt pathway may be acti-

vated by the secreted IGF-1. In fact, as shown in Fig-

ures 4A and 5B, the changes in IGF-1 protein levels and

pAkt/Akt ratios showed an opposite tendency except

those at 7 days. Conditional activation of Akt in the skel-

etal muscle induces rapid hypertrophy in mice (Lai et al.

2004). Running exercise or nerve stimulation also induced

Akt phosphorylation in the skeletal muscle (Nader and

Esser 2001; Sakamoto et al. 2002, 2003). Akt is also phos-

phorylated in the artificial hypertrophy rat model (Bodine

et al. 2001). On the other hand, the activation of a cer-

tain inflammatory signal molecule, such as JNK, inhibits

Akt phosphorylation (Varma et al. 2009). Taken together

with these previous reports, the present results indicate

that the pAkt/Akt ratios may have first decreased as a

result of the combination of postoperative inflammation

and decreased IGF-1 secretion. Then, with an increase in

IGF-1 secretion, Akt signaling may be activated.

As discussed above, we have considered our rat model

as a human RCT model. However, there are some limita-

tions in this study for extrapolation. First, although the

rat shoulder joint is similar to the human shoulder joint

in terms of anatomical structure, the function is slightly

different. The rat shoulder partly acts as a weight-bearing

joint, whereas the human shoulder joint is responsible for

a part of motor function of the upper extremity as a non-

weight-bearing joint. Second, our RCT model is obtained

by surgical procedure, whereas the RCT in human is

mainly caused by the degradation of the rotator cuff ten-

dons. Surgical procedure might have led to inflammation,

as discussed above, affecting the expression of a variety of

biomolecules in the ISP muscle. We may have to establish

further the RCT model caused by the degradation of the

rotator cuff tendons or to minimize the surgical invasion

in making RCT model. Third, the detachment of the SSP

tendon could not provide sufficient increase in mechani-

cal load on the remaining ISP muscle to achieve compen-

satory hypertrophy. We have to create a new RCT model,

in which we can observe a definite compensatory hyper-

trophy on the remaining muscle.

In conclusion, the results of this study showed that the

ISP muscle can recover from transient disuse caused by

the SSP tendon detachment (tear), and partly compensate

for the SSP muscle function. IGF-1 signaling pathway in

the ISP muscle is activated during recovery, indicating the

involvement of this signal transduction pathway. Thus, in

single-tendon RCT, the remaining muscles can be a target

for rehabilitative training by activating IGF-1-mediated

signaling.
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