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Abstract This study determined the effects of heat

shock protein 70 (Hsp70) overexpression on disuse

muscle atrophy in senescent rats. Solei of young and

senescent rats were co-injected with Hsp70 plus a

nuclear factor kappa B (NF-jB) reporter plasmid.

After 4 days, the hind limbs of half the young and

senescent rats were immobilized for 6 days with the

remainder serving as weight bearing controls. Hsp70

protein levels and cross-sectional area decreased in

both groups (*20%) after immobilization. Atrophy

was prevented in those fibers overexpressing Hsp70.

NF-jB activity increased in the soleus of both young

(three-fold) and senescent (five-fold) animals after

immobilization and was prevented by Hsp70 over-

expression. Inhibitor of jB decreased in young

(*30%) and senescent (*10%) animals with immo-

bilization and returned to normal with Hsp70. Heat

shock protein 70 overexpression prevents disuse

atrophy in senescent rats, possibly through suppres-

sion of the NF-jB pathway.

Keywords Heat shock proteins � Aging �
Muscle wasting � NF-jB � IjB

Introduction

The loss of skeletal muscle mass with age (sarcopenia)

is characterized by a reduction in muscle fiber cross-

sectional area (CSA) (Lexell et al. 1983; Porter et al.

1995), reduced force production and shortening

velocity (Larsson et al. 1997), and a preferential loss

and atrophy of type II muscle fibers (Larsson et al.

1979). These losses in mass and function with aging

have been implicated in many of the injuries seen in

the elderly (Marks et al. 2003). Further complicating

the aging-induced loss in mass is the fact that the

elderly are more susceptible to periods of muscle

disuse due to injuries and illness that require immo-

bilization or bed rest. It is well accepted that these

conditions result in significant muscle wasting and

dysfunction (Boonyarom and Inui 2006).

Interestingly, aging and disuse may have a syner-

gistic effect on muscle wasting in that, during periods

of muscle disuse, older individuals may lose greater

muscle volume compared to younger individuals

(Urso et al. 2006). However, despite knowing the

characteristics of sarcopenia and disuse-induced

muscle wasting, our understanding of the signaling

molecules that regulate muscle mass during age and

disuse with age are poorly defined. Until they are

better identified specific interventions are not likely.

Heat shock proteins (HSP) have been implicated as

playing a significant role in the muscle wasting

associated with immobilization (Selsby and Dodd

2005). In an investigation of the effects of heating on
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immobilization-induced atrophy, we have previously

shown that heating significantly increases muscle

Hsp25 and Hsp70 protein levels, and attenuates atrophy

(Selsby and Dodd 2005). Further, in more recent work

we used plasmid injection and electrotransfer to over-

express only the Hsp70 protein in young rats (to a

physiologically attainable level) and showed that Hsp70

prevented muscle atrophy (Senf et al. 2008).

Although there is comprehensive evidence that

NF-jB activity is increased during disuse and is

required for the disuse atrophy (Cai et al. 2004; Judge

et al. 2007), there are few studies that have assessed

NF-jB activity following disuse in senescent muscle.

The only available evidence suggests that NF-jB
activation is actually decreased during the first

1–2 weeks of immobilization (Bar-Shai et al. 2005a, b).

However, these studies also showed that NF-jB
activity, acting through the classic pathway, is

decreased during immobilization in young animals.

However, other studies, using genetic manipulations,

have clearly shown that the classic NF-jB pathway is

increased and required for muscle atrophy during

disuse in young rats (Cai et al. 2004; Judge et al. 2007).

Thus, the NF-jB response to muscle disuse in

senescent animals has not been clearly delineated.

Furthermore, it is unclear whether NF-jB is changed in

weight bearing senescent animals. It has been shown to

be elevated in the skeletal muscle of (weight bearing)

senescent mice (Broome et al. 2006), whereas others

have shown it to be unchanged or decreased (Phillips

and Leeuwenburgh 2005). Therefore, NF-jB activa-

tion in weight bearing senescent skeletal muscle also

warrants further investigation in order to determine its

possible role in sarcopenia.

Thus, the purpose of this study was to determine if;

(1) Hsp70 overexpression in senescent muscle could

attenuate disuse-induced atrophy; (2) NF-jB activity

is increased in senescent muscle and increased further

following disuse in senescent muscle and; (3) Hsp70

overexpression inhibits activation of NF-jB during

disuse.

Materials and methods

Animals

Male, Fischer 344 rats (5-month-old (n = 6) and

26-month-old (n = 6)) were obtained from the

National Institute of Aging colony through a gift

from Dr. Robert Yezierski (University of Florida). All

animal procedures were approved by the University

of Florida institutional animal care and use committee.

Expression and reporter plasmids

The EGFP-c1 plasmid was obtained from clontech

and the Hsp70-EGFP plasmid was created as previ-

ously described (Senf et al. 2008). The NF-jB-GL3

reporter plasmid was a gift from Dr. Steffan Ho, and

has been previously used and described (Hunter et al.

2002; Judge et al. 2007). Plasmid DNA was prepared

and isolated using an Endotoxin-free maxi or Mega

prep kit (Qiagen).

Plasmid injection and electroporation

Plasmid injection and sequential transfection of

skeletal muscle has been detailed previously (Mitchell-

Felton and Kandarian 1999; Senf et al. 2008). Briefly,

10 lg of EGFP or Hsp70-EGFP and 40 lg of the

NF-jB reporter plasmid were injected into the soleus

muscle in a total volume of 50 ll 19 PBS. We have

previously demonstrated that Hsp70 function is not

impaired by the EGFP fusion (Senf et al. 2008).

Following injection, electric pulses were delivered

using an electric pulse generator (Electro square

porator ECM 830; BTX) by placing two paddle-like

electrodes on each side of the muscle. Five pulses

were delivered in 200 ms interpulse intervals, each

with an effective intensity of 125 V/cm and 20 ms

duration. Electrotransfer of a mixture containing two

vectors in skeletal muscle shows co-transduction of a

given fiber nearly 100% of the time (Alzghoul et al.

2004; Rana et al. 2004), thus a fiber that takes up one

vector will also take up the other.

Immobilization

About 4 days following plasmid injection, animals

were immobilized bilaterally with the ankle joint in

the plantarflexed position to induce maximal atrophy

of the soleus muscle, as described previously (Booth

and Kelso 1973; Selsby and Dodd 2005). Surfaces

to be casted were first wrapped in a thin layer of

protective padding (Medipore Dress-it, 3M, St. Paul,

MN, USA) to prevent abrasions due to the plaster

cast. The padding began just below the ribs and
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continued down to encompass the lower abdomen

and hind limbs, leaving adequate space so that

urination would not be affected. A layer of plaster

was then applied and allowed to dry (Specialist,

Johnson & Johnson). Muscles of immobilized and

weight bearing animals were extracted 6 days later

(10 days following plasmid injection).

Muscle preparation and analysis

Soleus muscles were removed and either rapidly

frozen in liquid nitrogen and stored at -80�C for

subsequent biochemical analyses, or fixed in tissue-

freezing medium and frozen for fiber sectioning and

subsequent immunohistochemical analysis.

NF-jB Activity

Following homogenization in a passive lysis buffer

(Promega) and centrifugation for 2 min at 5,000g,

20 ll of the supernatant was added to 100 ll of

luciferase reagent (Promega) for determination of

total muscle luciferase activity, using an LMax II

microplate luminometer (molecular devices corp).

Immunohistochemistry

Cross sections (10 lm) from the midbelly of the

soleus muscle were cut with a cryostat microtome

(Microm HM 550, Microm International) and fixed in

4% paraformaldehyde. For visualization of muscle

fibers under fluorescence microscopy muscle sections

were incubated with wheat germ agglutinin Texas

Red-X conjugate (Invitrogen). Images were captured

with an Olympus I950 camara and the muscle fiber

area of *200 fibers from each muscle was traced and

measured using Image Pro Discovery software.

Western blot

A detergent-compatible assay (Bio-Rad) was used to

determine protein concentration of muscle homoge-

nates. Samples were diluted in loading buffer (Bio-

Rad) containing 5% mercaptoethanol to achieve a

protein concentration of 2 mg/ml and heat denatured.

Equal amounts of protein were loaded onto 4–15%

linear gradient gels and separated using SDS–

polyacrylamide gel electrophoresis. Proteins were

transferred for 90 min at 100 V onto an immobilon-FL

polyvinylidene fluoride membrane (Millipore),

blocked in PBS containing 5% milk and 0.05%

Tween for 1 h and incubated overnight with primary

antibody diluted in blocking buffer. The following

primary antibodies were used: Anti-Hsp70 (ab6535,

abcam), Anti-GFP (sc-8334, Santa Cruz) and Anti-

IjBa (sc-371, Santa Cruz). Following a series of

washes, the membranes were incubated with fluores-

cent-dye conjugated secondary antibodies and

visualized using odyssey infrared imaging system

(LI-COR Biosciences). Relative quantification of

proteins was determined by measuring the fluores-

cence of each lane at the appropriate molecular

weight.

Statistical analysis

Hsp70 protein expression was analyzed using a one

tailed, student’s t-test, with all other data analyzed

using a two-way ANOVA followed by Bonferroni

corrections for multiple comparisons when appropri-

ate (GraphPad Software, San Diego, CA, USA). All

data are expressed as means ± SEM, and signifi-

cance was established at the P \ 0.05 level.

Results

As expected, and in agreement with our previous

findings (Senf et al. 2008), endogenous Hsp70 protein

levels were significantly decreased after immobiliza-

tion in young rats (Fig. 1). In addition, Hsp70 levels

were significantly decreased in the soleus muscles of

senescent rats compared to young rats, and further

decreased in the muscles of senescent rats following

immobilization.

To overexpress Hsp70 we injected an Hsp70-

EGFP expression plasmid into the soleus muscle of

rats. This led to a 2.5-fold increase in Hsp70 protein

expression over endogenous levels (Fig. 2). The

presence of the EGFP-tag on the N-terminus of

Hsp70 permits visualization of Hsp70 (Fig. 3). This

allows for the cross sectional area comparison of

those fibers overexpressing Hsp70 to those fibers that

do not overexpress Hsp70. As shown in Fig. 3, the

transfection efficiency (i.e., the number of fibers

expressing the Hsp70-EGFP plasmid) is *60–70%.

As shown in Fig. 4, although the fiber cross

sectional area is slightly decreased in senescent
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animals compared to young, the immobilization-

induced atrophy in the young and senescent animals

is approximately the same (*22%). Importantly,

however, the overexpression of Hsp70 prevented the

muscle fiber atrophy in both young and senescent

animals.

In order to test the hypotheses that NF-jB activity is

(1) increased in senescent rats compared to young, (2)

further increased after immobilization, and (3) inhib-

ited by overexpression of Hsp70, we used a NF-jB
reporter plasmid. Figure 5 shows that NF-jB activity

is unchanged in the soleus muscle of senescent rats

compared to young rats, suggesting there is no chronic

upregulation of NF-jB activity. However, immobili-

zation caused NF-jB activity to increase significantly

in both young and senescent animals, 3 and 5-fold,

respectively. However, in immobilized muscles over-

expressing Hsp70, NF-jB activity was not different

from control animals in either the young and senescent

groups. Thus, a physiologically attainable increase in

Hsp70 in vivo prevents the immobilization-induced

increase in NF-jB activity.

Since a decrease in the endogenous inhibitor of jB
(IjB) is required for NF-jB activation during skeletal

muscle disuse (Judge et al. 2007), we sought to

determine whether the inhibition of NF-jB by Hsp70

was through IjBa. As shown in Fig. 6, IjBa is

significantly reduced following immobilization in

young but not in senescent animals. This may be due

to the lower basal levels of IjBa in senescent solei

muscles compared to young. Furthermore, overex-

pression of Hsp70 increased IjBa levels in the weight

bearing and immobilized muscles in both young and

senescent animals. These findings suggest that Hsp70

may inhibit NF-jB activity through increasing the

levels of IjBa that are available to bind, and retain,

NF-jB proteins in the cytosol.

Discussion

The findings of this study show, in both young and

senescent rats, that (1) Hsp70 overexpression pre-

vents disuse muscle atrophy; (2) NF-jB activity is

increased during disuse and; (3) Hsp70 overexpres-

sion abolishes the disuse-induced NF-jB activity.

The finding that overexpression of Hsp70 pre-

vented immobilization-induced muscle atrophy in

both young and senescent animals was the most

interesting finding of this study and suggests that

Hsp70 has a major influence on the pathways

controlling protein degradation. While our previous

studies had shown that heating skeletal muscle could

increase Hsp70 and attenuate atrophy by 30–50%

(Selsby and Dodd 2005; Selsby et al. 2007), this

study confirms that the increase in Hsp70 likely

played a direct role in mediating the atrophy process.

Our finding that endogenous Hsp70 is significantly

decreased in the young, adult animals after 6 days of

disuse is in agreement with previous studies using an

immobilization model (Stevenson et al. 2003;

Selsby and Dodd 2005; Lawler et al. 2006; Selsby

et al. 2007; Senf et al. 2008). In addition, the

immobilization-induced decreased Hsp70 in the

senescent animals has not been demonstrated but is

not surprising. The mechanism causing a reduction in

Hsp70 with immobilization is unknown.

Fig. 1 Endogenous Hsp70 levels in all groups expressed as a

fraction of the levels seen in young, weight bearing animals.

Error bars represent the mean ± SEM from six animals.

*Significantly different from weight bearing (P \ 0.05).
�Significantly different from 5 month, immobilized

Fig. 2 Representative Western blot of 5 month and 26 month

groups showing the endogenous Hsp70 (70 kD) in each lane

comparable to the lanes showing both the endogenous levels

and the overexpressed Hsp70-EGFP (*97 kD)
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The decrease in muscle fiber CSA with immobi-

lization (*22%) was similar to the decrease in

muscle mass seen in both young and senescent

animals after immobilization (Chakravarthy et al.

2000; Selsby and Dodd 2005; Selsby et al. 2007) and

was prevented by Hsp70 overexpression in both

Fig. 3 Representative cross sections taken from the soleus

muscle of weight bearing 5 month (a) and 26 month (b)

animals illustrating the reduced fiber cross sectional area seen

with senescence. c and d illustrate cross sections of 26 month

weight bearing (c) and 26 month immobilized (d) soleus

injected with Hsp70 plasmid as indicated by EGFP fluores-

cence. The fiber cross sectional area was visualized by

incubating sections with wheat germ agglutinin Texas Red-X

conjugate, imaged using fluorescent microscopy, and measured

using image pro discovery software. With this technique, cross

sectional areas of fibers overexpressing Hsp70 (green fluores-

cent fibers) can be compared to those fibers not overexpressing

Hsp70 (non-fluorescent fibers)

Fig. 4 Cross sectional area of soleus fibers of 5 month and

26 month weight bearing and immobilized animals with and

without Hsp70-EGFP overexpression. *Significantly different

from weight bearing (P \ 0.05)

Fig. 5 NF-jB activity of the soleus as determined by an NF-

jB-dependent luciferase reporter in 5 month and 26 month

weight bearing and immobilized animals with and without

Hsp70 overexpression. *Significantly different from weight

bearing (P \ 0.05)
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groups. The decrease in fiber CSA during skeletal

muscle disuse is due mostly to a decrease in muscle

protein content that is dependent upon both reduced

protein synthesis and increased protein degradation

(Thomason et al. 1989; Lecker et al. 1999; Krawiec

et al. 2005). However, the latter plays the larger role

and is primarily mediated by the ubiquitin protea-

some pathway. In fact, the rate of protein synthesis

has been shown to be unaltered following 5-days of

immobilization, despite significant muscle atrophy

(Krawiec et al. 2005).

One of the major signaling pathways that regulates

muscle mass, possibly through regulation of compo-

nents of the ubiquitin proteasome pathway, is NF-jB
and there is convincing evidence that NF-jB is

increased during skeletal muscle disuse in young rats,

and required for the muscle atrophy (Cai et al. 2004;

Hunter and Kandarian 2004; Judge et al. 2007). Thus,

we examined NF-jB activity and its inhibitor, IjBa, to

determine their level of association with the immobi-

lization-induced muscle atrophy in senescent animals.

Our finding that NF-jB reporter activity is

increased during disuse in the soleus of young rats

was expected. However, this is the first work to show

that NF-jB activity is also increased in senescent rats

during disuse. Although this latter finding was also

expected, it is in disagreement with the findings of

Bar-Shai et al. (2005a, b), who found a decrease in

NF-jB activity during the first 2 weeks of disuse in

both young and senescent rats. Based on these results

the authors suggested that NF-jB activation follows a

biphasic pattern during disuse in both young and

senescent rats. This purported pattern shows a

decrease in the classic NF-jB pathway during the

first 2 weeks of disuse, but an increase in NF-jB
activation through an alternative pathway involving

p50 and Bcl-3, followed by an increase in activation

of the classic NF-jB pathway after 4 weeks of disuse.

However, this hypothesis ignores the findings of

others showing that the classic NF-jB pathway is

required for disuse-induced NF-jB activation and

muscle atrophy following 1–2 weeks of disuse in

young rodents (Cai et al. 2004; Judge et al. 2007).

IjBa is the inhibitor of NF-jB, preventing its

translocation to the nucleus to initiate transcription.

To activate the classic NF-jB pathway, IjBa is

phosphorylated, then ubiquitinated, which leads to its

degradation through the proteasome. Indeed, it is now

accepted that IjBa degradation is required for disuse-

induced NF-jB activation and muscle atrophy in

young rodents (Cai et al. 2004; Judge et al. 2007).

Thus, our finding of a decrease in IjBa expression

with immobilization in both the young and senescent

animals was expected and suggests activation of the

classic NF-jB pathway.

The fact that Hsp70 prevented the increase in

NF-jB and the decrease in IjBa in both young and

senescent animals after immobilization is striking and

agrees with our previous findings in young rats (Senf

et al. 2008). Since inhibition of NF-jB activation

during disuse attenuates a significant portion of

atrophy in the fibers overexpressing Hsp70 (Cai

et al. 2004; Judge et al. 2007), it would follow that

Hsp70 overexpression in this study is responsible for

a significant portion of the attenuation of atrophy

through the NF-jB pathway.

Although this study did not focus on the mecha-

nisms by which Hsp70 inhibits NF-jB activity, it is

interesting that Hsp70 increased IjBa levels. Since

the prevention of IjBa degradation during disuse

inhibits NF-jB activity, the increased levels of IjBa
found in this study could potentially explain the

inhibition of NF-jB activity. However, much further

investigation is necessary.

In summary, the finding that overexpression of

Hsp70 within the normal physiological range in vivo

can prevent immobilization-induced muscle atrophy

is unique, especially in the senescent animals. The

results suggest that Hsp70 has a major influence on

the NF-jB signaling pathway in the senescent

animals and therefore, may provide a focal point

Fig. 6 IjBa levels in all groups expressed as a fraction of the

control values in 5 month, weight bearing animals. *Signifi-

cantly different from weight bearing (P \ 0.05)

610 Biogerontology (2009) 10:605–611

123



for future experimentation in attempting to elucidate

the mechanisms controlling disuse atrophy in senes-

cent muscle.
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