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ABSTRACT: It is well known that an increase in mechanical loading can induce skeletal muscle hypertrophy, and a
long standingmodel in the field indicates thatmechanical loads induce hypertrophy via amechanism that requires
signaling through the mechanistic target of rapamycin complex 1 (mTORC1). Specifically, it has been widely
proposed that mechanical loads activate signaling throughmTORC1 and that this, in turn, promotes an increase in
the rate of protein synthesis and the subsequent hypertrophic response. However, thismodel is based on a number
of important assumptions that havenot been rigorously tested. In this study,we created skeletalmuscle specific and
inducible raptor knockout mice to eliminate signaling by mTORC1, and with these mice we were able to directly
demonstrate that mechanical stimuli can activate signaling by mTORC1, and that mTORC1 is necessary for me-
chanical load-induced hypertrophy. Surprisingly, however, we also obtained multiple lines of evidence that in-
dicate that mTORC1 is not required for a mechanical load-induced increase in the rate of protein synthesis. This
observation highlights an important shortcoming in our understanding of how mechanical loads induce hyper-
trophy and illustrates that additional mTORC1-independent mechanisms play a critical role in this process.—You,
J.-S., McNally, R. M., Jacobs, B. L., Privett, R. E., Gundermann, D. M., Lin, K.-H., Steinert, N. D., Goodman, C. A.,
Hornberger, T. A. The role of raptor in the mechanical load-induced regulation of mTOR signaling, protein syn-
thesis, and skeletal muscle hypertrophy. FASEB J. 33, 4021–4034 (2019). www.fasebj.org
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Comprising;45%of thebody’smass, skeletalmuscles are
not only the motors that drive locomotion, but they also
play a critical role in breathing, whole body metabolism,
and maintaining a high quality of life (1). Indeed, both
sedentary and active adults will lose 30–40% of their

musclemass by the age of 80, and this loss inmusclemass
is associated with disability, loss of independence, and an
increased risk of morbidity and mortality, as well as an
estimated $18.5 billion in annual healthcare costs in the
United States alone (1–3). Thus, the development of ther-
apies that can restore, maintain, and/or increase muscle
mass is of great clinical and fiscal significance.However, to
develop such therapies, we will first need to establish a
comprehensive understanding of the molecular mecha-
nisms that regulate skeletal muscle mass.

Previous studies have shown that skeletalmuscle mass
can be regulated by a variety of different stimuli, with one
of the most widely recognized stimuli being mechanical
loading (4, 5). Despite the well-established role that me-
chanical loads play in the control of muscle mass, our
understanding of the molecular mechanisms via which
mechanical loads induce alterations in muscle mass re-
mains ill-defined. Nevertheless, advancements are being
made. For instance, work from numerous laboratories
has shown that signaling through a rapamycin-sensitive
mechanism plays a central role in the pathways through
which mechanical loads induce a hypertrophic response
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(6–9). Moreover, it has been demonstrated that a serine/
threonine kinase called the mechanistic (or mammalian)
target of rapamycin (mTOR) is the rapamycin-sensitive
element that confers mechanical load-induced hypertro-
phy, and that the role of mTOR in this process requires its
kinase activity (7). In other words, a strong body of evi-
dence indicates thatmechanical load-inducedhypertrophy
requires a rapamycin-sensitive pool of mTOR-dependent
signaling events [referred to as rapamycin-sensitivemTOR
(RSmTOR)-dependent from here forward].

mTOR can be found in at least 2 multiprotein signaling
complexes called mTORC1 and mTORC2. The defining
component ofmTORC1 is a protein called raptor,whereas
the defining component of mTORC2 is a protein called
rictor (10). Previous studies have shown that a subset of
mTORC1-dependent, but not mTORC2-dependent, sig-
naling events are highly sensitive to inhibition by rapa-
mycin (10–12). For this reason, it has beenwidely assumed
that mTORC1 is responsible for the RSmTOR-dependent
signaling events that control mechanical load-induced
hypertrophy (13, 14). However, a growing body of
evidence has raised concerns about this assumption.
For instance, both rapamycin administration and the
knockdownofmTOR canpotently inhibit the translation
of 59TOP mRNAs; yet, knocking out raptor/mTORC1
only slightly impairs the translation of these mRNAs (15).
Previous studies have also revealed that myogenesis pro-
ceeds through a RSmTOR-dependent mechanism that
does not require raptor/mTORC1 (16). Finally, it has been
shown that, even in the absence of raptor, mTOR can still
induce changes in the phosphorylation of classicmTORC1
substrates and that this effect ismediated via a rapamycin-
sensitive mechanism (17, 18). Simply put, an emerging
body of literature suggests that there may be a pool of
RSmTOR-dependent signaling events that do not involve
signaling by the canonicalmTORC1.Whethermechanical
loads promote an increase in muscle mass by signaling
through this noncanonical pool of RSmTOR, and/or
mTORC1, has not been clearly resolved. For instance,
in an effort to determine whether raptor/mTORC1 is
necessary for mechanical load-induced hypertrophy,
Bentzinger et al. performed a study with 90-d-old consti-
tutive skeletal muscle raptor knockout (RAmKO)mice, in
which the plantaris muscles of these knockout mice were
subjected to mechanical overload via surgical ablation of
the synergist muscles (i.e., the synergist ablation model)
(19). The results indicated that, unlike the muscles from
control mice, the muscles of RAmKO mice did not un-
dergo a hypertrophic response, and thus it was concluded
that raptor/mTORC1 is required for mechanical load-
induced hypertrophy (19). However, the interpretation of
the results from this study is confounded by a number of
traits that are inherent to the RAmKO mice. For instance,
skeletalmuscles from90-d-oldRAmKOmice presentwith
a significant reduction in mitochondrial content along
withnumerous signs of dystrophy, including adecrease in
mass and fiber size, an increase in centrally located nuclei,
and the presence of central core-like structures within
the muscle fibers (20). Moreover, it has been shown that
the daily voluntary activity of 90-d-old RAmKO mice is
dramatically reduced when compared with control mice

(20). The reduction in voluntary activity is particularly
concerning because, in the synergist ablation model, the
amount of mechanical overload that is placed on the
muscles is directly proportional to the animals’ level of
activity. Hence, the lack of a hypertrophic response in the
muscles of RAmKO mice might simply have been due to
animals not placing enough mechanical overload on the
muscles to induce a hypertrophic response. Because of this
limitation, and theother traits that are inherent toRAmKO
mice, the role of raptor/mTORC1 in mechanical load-
induced hypertrophy remains unsettled.

In this study, we have attempted to address the limi-
tations of the RAmKO mice by creating skeletal muscle
specific and inducible raptor knockout mice. We then
used thesemice, alongwith variousmodels ofmechanical
loading, to determine whether raptor/mTORC1 is re-
sponsible for the RSmTOR-dependent signaling events
that are induced by mechanical stimuli, and ultimately,
whether raptor/mTORC1 is necessary for mechanical
load-induced hypertrophy.

MATERIALS AND METHODS

Animals

Skeletalmuscle specific and tamoxifen inducible raptor knockout
mice were created by crossing female mice homozygous for
exon 6 of raptor flanked by loxP sites (The Jackson Laboratory,
Bar Harbor, ME, USA) with male mice hemizygous for human
skeletal actin (HSA) promoter driven expression of a Cre re-
combinase that is flanked by mutated estrogen receptors (HSA-
MCM) (21). The HSA-MCM hemizygotic mice were a generous
gift fromK.Esser (University of Florida,Gainsville, FL,USA) and
have been previously described (22). Offspring were crossed
until male mice homozygous for floxed raptor and hemizygous
for HSA-MCM alleles [inducible RAmKO positive (iRAmKO+)]
were obtained. Male mice that were homozygous for floxed
raptor, but did not contain the HSA-MCM allele, were used for
the control condition (iRAmKO2). In all cases, genotypes were
confirmed with tail snips by PCR.

Wild-type C57BL6 and FVB mice were obtained from The
Jackson Laboratory. FVB mice with HSA driven expression of a
rapamycin-resistant mutant of mTOR (RR-mTOR) have been
previously described (7). These mice were bred with wild-type
FVB mice to produce offspring containing hemizygotic expres-
sion of RR-mTOR. The offspring that did not express RR-mTOR
were used for the control condition.

All animals were housed in a room maintained with a 12-h
light/dark cycle and received food and water ad libitum. Exper-
imental procedures were performed on male mice that were
6–12 wk of age. Before all surgical procedures, mice were anes-
thetized with isoflurane and then, immediately following com-
pletion of a surgery, the mice were given an intraperitoneal
injection of 0.05 mg/g of buprenorphine. After tissue extraction,
themicewereeuthanizedbycervicaldislocation.The Institutional
Animal Care and Use Committee at the University of Wisconsin–
Madison approved all of the methods used in this study.

Tamoxifen injections

Tamoxifen was purchased from MilliporeSigma (Burlington,
MA, USA). Tamoxifen was dissolved in ethanol to give a con-
centration of 85mg/ml. The tamoxifen solutionwas dissolved in
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peanut oil to a final concentrationof 12.75mg/ml.At 6wkof age,
both iRAmKO2 and iRAmKO+ mice were given a 160 ml, i.p.
injection of the tamoxifen solution every 24 h for a total of 5 d.
Some mice received additional injections of tamoxifen after a
surgical procedure (e.g., synergist ablation or myotenectomy). In
these instances, the mice were treated with 80 ml/d of the
aforementioned tamoxifen solution.The injectionsweregiven for
3 consecutive d followed by 1 d off, and then this sequence was
repeated for the remainder of the recovery period.

Rapamycin and puromycin injections

Rapamycin was purchased from L. C. Laboratories (Woburn,
MA, USA) and was dissolved in DMSO to generate a 5 mg/ml
stock solution. For experiments involving maximal-intensity
contractions, 1.0 mg/kg rapamycin in 200 ml of PBS was ad-
ministered via an intraperitoneal injection at 100 min before the
onset of stimulation. For all other experiments, either 0.6 mg/kg
or 1.5mg/kg of rapamycin in 200ml of PBSwas administered via
an intraperitoneal injection immediately before initiating a sur-
gical procedure. These injectionswere repeated every 24 h for up
to14d.Forall control conditions,anequivalent amountofDMSO
was administered in 200 ml PBS.

Puromycin was purchased from MilliporeSigma and was
dissolved in diH2O to generate a 75mM stock solution. For all in
vivomeasurements of protein synthesis, 0.04mmol/gpuromycin
in 200ml of PBSwas administered via an intraperitoneal injection
at exactly 30 min before muscle collection (23).

Measurement of voluntary running

The iRAmKO+ mice and their control (iRAmKO2) littermates
were individually housed in cages that contained a running
wheel equippedwith amagnetic counter switch. Runningwheel
activity was then continuously measured for the next 5 d with
Vital View software (Mini-Mitter Company, Bend, OR, USA),
and the resulting data was used to calculate the average volun-
tary distance run per day.

Maximal-intensity contractions

Themodel previously described by O’Neil et al. (24) was used to
induce maximal-intensity contractions (MIC) in the tibialis an-
terior (TA) muscle. Specifically, electrodes were placed on the
sciatic nerve of the right leg, and contractions were elicited by
stimulating the sciatic nerve with an SD9E Grass Stimulator
(Grass Instruments,Quincy,MA,USA)at 100Hz,4–8Vpulse, for
10 sets of 6 contractions. Each contraction lasted 3 s and was
followed by a 10-s and then a 1-min rest period was provided
between each set. Both the right TA and the left TA, which was
used as a contralateral controlmuscle,were collected 1 h after the
last set of contractions and subjected to the various treatments
described as follows.

Intermittent passive stretch

Mouse extensor digitorum longus (EDL)muscleswere subjected
to intermittent passive stretch in an ex vivo organ culture system
that consisted of a refined myograph apparatus (Kent Scientific,
Torrington, CT, USA) and an organ culture bath as previously
described (25). Briefly, the proximal and distal tendons of mus-
cleswere connected to amicromanipulator and the lever armof a
force transducer, respectively. The length of the muscle was ad-
justed to optimal length, and the muscles were then subjected to
intermittent 15% passive stretch for 90 min as a source of me-
chanical stimulation, or held static at optimal length as a control

condition.Thebath incubationmediumconsistedofhighglucose
DMEMthatwasmaintainedat 37°Cwithcontinuous95%O2and
5% CO2 gassing and was exchanged with fresh medium at
30-min intervals (Hyclone;GEHealthcareLifeSciences,Waukesha,
WI,USA). For all ex vivomeasurements of protein synthesis, EDL
muscles were incubated in fresh medium containing 2.7 mM
phenylalanine and 10 mCi/ml3H-phenylalanine (PerkinElmer,
Waltham, MA, USA) during the final 30 min, and an aliquot of
themediumwassavedbefore collecting themuscles tonormalize
the specific activity of the phenylalanine (cpm/nmol of phenyl-
alanine). The specific activity of the phenylalanine incorporated
into the muscle proteins was obtained by using trichloroacetic
acid, and the rate of protein synthesis was calculated as pre-
viously described (25).

Synergist ablation and myotenectomy

Bilateral synergist ablation surgeries were performed by re-
moving the soleus and distal half of the gastrocnemiusmuscle as
previously described (7). Bilateral myotenectomy surgeries were
performed by removing only the distal tendon and myotendi-
nous junction of the gastrocnemius muscle. Mice in the control
groups were subjected to a sham surgery where an incision was
made on the lower leg and then closed. Following the surgeries,
incisions were closed with Vetbond surgical glue and sutures
(HenrySchein,Melville,NY,USA).Micewereallowed to recover
for 0, 3, 7, or 14 d. During the recovery period, the mice were
treated with 1 mg/d tamoxifen for 3 consecutive days followed
by 1 d off, and then this sequencewas repeated for the remainder
of the recovery period. At the end of the recovery period the
plantaris muscles were collected and subjected to the various
treatments described below. It bears mentioning that we also
attempted to examine soleus muscles in the myotenectomy
model. However, we discovered that during the course of
adapting to myotenectomy, the soleus muscles become rigor-
ously fused with a layer of connective tissue that forms in the
lateral space that was previously occupied by themyotendinous
junction of the gastrocnemius. Consequently, wewere unable to
obtain clean and intact dissections of the soleus muscles.

Western blot analysis

Upon collection, muscles were immediately frozen in liquid
nitrogen.The sampleswerehomogenizedwithaPolytron for20 s
in ice-cold buffer A [40 mM Tris (pH 7.5), 1 mM EDTA, 5 mM
EGTA, 0.5% Triton X-100, 25 mM b-glycerophosphate, 25 mM
NaF, 1 mM Na3VO4, 10 mg/ml leupeptin, and 1 mM PMSF].
Either thewholehomogenatewasused for further analysis or the
homogenate was centrifuged at 2500 g for 5 min and then the
supernatant was used for further analysis (e.g., Western blots of
mTOR). Sample protein concentration was determined with a
DC protein assay kit (Bio-Rad, Hercules, CA, USA). Equivalent
amounts of protein fromeach sampleweredissolved in Laemmli
buffer, heated to 100°C for 5 min, and then subjected to electro-
phoretic separation by SDS-PAGE. Following electrophoretic
separation, proteins were transferred to a PVDFmembrane and
blocked with 5% powdered milk in TBS containing 0.1% Tween
20 (TBST) for 1 h followedbyanovernight incubation at 4°Cwith
primaryantibodydissolved inTBSTcontaining1%bovine serum
albumin. After an overnight incubation, the membranes were
washed for 30 min in TBST and then probed with a peroxidase-
conjugated secondary antibody for 1 h at room temperature.
Following 30 min of washing in TBST, the blots were developed
on film or with a Chemi410 camera mounted to an Autochemi
System (UVP, Upland, CA, USA) using regular ECL reagent
(Pierce, Rockford, IL, USA) or ECL Prime reagent (Amersham,
Piscataway,NJ,USA).Once theappropriate imagewascaptured,
themembraneswere stainedwithCoomassie blue toverify equal
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loading in all lanes. Images were quantified using ImageJ soft-
ware [National Institutes of Health (NIH), Bethesda, MD, USA;
http://rsb.info.nih.gov/nih-image/].

mTOR, LAMP2, dystrophin, and embryonic myosin
heavy chain localization

Tissues were collected and immediately submerged in optimal
cutting temperature compound (Tissue-Tek; Sakura Finetek
USA, Torrance, CA, USA) at resting length and then frozen in
liquid nitrogen-chilled isopentane.Midbelly cross sections (2mm
thick) were taken perpendicular to the long axis of the muscle
with a cryostat and immediately fixed in 220°C acetone for 10
min. Sections were warmed to room temperature for 5 min and
then incubated in PBS for 15min, followed by a 1-h incubation in
buffer B [0.5% bovine serum albumin, 0.3% CHAPS, and 5%
normal goat serum (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA)]. After 3–5 min washes in PBS, samples
were incubated for 1 h in buffer B containing primary antibodies
against mTOR (7C10), the lysosome associated membrane pro-
tein 2 (LAMP2), and dystrophin or embryonic myosin heavy
chain. After 3–5 min washes with PBS, sections were incubated
for 1 h with solution B containing secondary antibodies: DyLight
594-conjugated anti-rabbit IgG (H+L), Alexa Fluor 488-conjugated
anti-rat IgG (H+L), and Alexa Fluor 350 anti-mouse IgG1 or Alexa
Fluor 488-conjugated anti-mouse IgG1. Finally, sections were
washed with PBS, and monochrome fluorescence images were
capturedwithaNikonDS-QiMccamera (Nikon,Tokyo, Japan)ona
Nikon 80i epifluorescence microscope by an investigator that was
blinded to the sample identification. Themonochrome imageswere
then merged using Nikon NIS-Elements D software. Pearson’s
correlationcoefficientsand frequencyscatterplots that compared the
intensityof the signal formTORvs.LAMP2withineverypixelof the
images were generated with the WCIF ImageJplug-in (http://www.
uhnresearch.ca/facilities/wcif/imagej/). In some instances, Pearson’s cor-
relation coefficients and frequency scatterplots were also generated
for specific fiber types within a given image [e.g., the embryonic
myosin heavy chain (eMHC) positive fibers]. To generate this in-
formation,screenswerecreatedinAdobePhotoshopsothatonlythe
fibersof interestwithinagiven imagewerevisible. Inotheranalyses,
the number of pixels in each image that were intensely positive for
both mTOR and LAMP2 was quantified with the ImageJ JACoP
plugin (http://rsbweb.nih.gov/ij/plugins/track/jacop.html) as previously
described (26). Briefly, JACoPwas used to determine the number of
pixels that exceeded an intensity threshold of 45 relative light units
for both mTOR and LAMP2, and these pixels were counted as
“intense colocalized pixels.”All image analyseswere performed by
investigators that were blinded to the sample identification.

Muscle fiber type and cross-sectional area

Tissues were immediately submerged in optimal cutting tempera-
ture compound (Tissue-Tek) at resting length and then frozen in
liquid nitrogen-chilled isopentane. Midbelly cross sections (10 mm
thick)were takenperpendicular to the longaxisof themusclewitha
cryostat and immediately fixed in 220°C acetone for 10 min. Im-
munohistochemistry for individual fiber types was performed as
previously described (27). Images of the entire cross section were
captured, and then the cross-sectional area of up to 80 randomly
selected fibers of each fiber type (type IIa, IIx, or IIb)weremeasured
by tracing the periphery of the fiber using Nikon NIS-Elements D
software. All image analyses were performed by investigators that
were blinded to the sample identification.

Antibodies

Primary antibodies, Cox IV (3E11; 4850), Cytochrome C (136F3;
4280), mTOR (2972), mTOR (7C10; 2983), p70 (2708), phospho

p70 (389; 9234), raptor (24C12; 2280S), S6 (2217S), phospho S6
(240/4; 5364S), phospho S6 (235/6; 2211), tubulin ab (2148),
4EBP1 (9644), and phospho 4EBP1(36/45; 2855) were purchased
from Cell Signaling Technology (Danvers, MA, USA). Anti-
dystrophin (Dy8/6C5) was purchased from Novacastra (Leica
Microsystems, Buffalo Grove, IL, USA). Anti-LAMP2 (GL2A7)
(ab13524) was purchased from Abcam (Cambridge, MA, USA).
Anti-laminin (L9393) was obtained from MilliporeSigma. Anti-
puromycin (MABE343) was obtained from MilliporeSigma.
Antibodies against embryonic myosin heavy chain (clone
F1.652), type IIa myosin heavy chain (clone SC-71), type IIx
myosin heavy chain (clone 6H1), and type IIb myosin heavy
chain (clone BF-F3) were obtained from the Developmental
Studies Hybridoma Bank (University of Iowa, Iowa City, IA,
USA). Alexa 488 anti-mouse IgM, m chain specific (115-545-075),
Alexa 488 anti-mouse IgG1 (115-545-205),Alexa 488 anti-rat (112-
545-16), DyLight 594 anti-rabbit (111-515-144), and peroxidase-
labeled anti-mouse IgG2a (115-035-206) were from Jackson
ImmunoResearch Laboratories. Alexa 350 anti-mouse IgG1
(A21120) was from Thermo Fisher Scientific, Waltham, MA,
USA. Peroxidase-labeled anti-rabbit (PI-1000) was purchased
from Vector Laboratories (Burlingame, CA, USA).

Statistical analysis

Statistical significancewas determined by using a Student’s t test
or 2-way ANOVA, followed by a Student–Newman–Keuls post
hoc analysis. Differences between groups were considered sig-
nificantwhenP# 0.05.All statistical analyseswereperformedon
SigmaPlot/SigmaStat software (Systat Software, San Jose, CA,
USA).

RESULTS

Characterization of the skeletal muscle
specific and inducible raptor knockout mice

Skeletal muscle specific and tamoxifen inducible raptor
knockout mice (iRAmKO+), along with control mice
(iRAmKO2), were generated asdescribed inMaterials and
Methods. To determine the earliest time point at which a
maximal knockout of raptor could be achieved, both
strainswere treatedwith 2mg/d of tamoxifen for 5 d, and
then the TAmuscles were collected at 7, 14, and 21 d post-
tamoxifen dosage. The results indicated that, within 7 d, a
significant reduction in the protein levels of both raptor
andmTOR(i.e.,mTORC1) couldbedetected in themuscles
from iRAmKO+ mice, and this reduction reached a maxi-
mumwithin 14–21 d post-tamoxifen dosage (Fig. 1A).

To determine whether the knockout of raptor was
specific to skeletal muscle, wemeasured the protein levels
of raptor in various tissues including the soleus muscles,
brain, heart, and liver. The outcome of these measure-
ments revealed that the knockout of raptor could only be
detected in the skeletalmuscles (SupplementalFig. S1).We
also determined that, at 21 d post-tamoxifen (2 mg/d for
5 d), the iRAmKO+ mice did not reveal any of the prob-
lematic traits that have been described in RAmKO mice
(20). For instance,TAmuscles from the iRAmKO+micedid
not reveal any alterations in markers of mitochondrial
content (e.g., Cox IV and cytochrome C), muscle mass, or
fiber size (Fig. 1B–E and Supplemental Fig. S2). Moreover,
the daily voluntary activity, and overall physical appear-
ance, of the iRAmKO+micewas indistinguishable from that
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of their 21 d post-tamoxifen (2 mg/d for 5 d) iRAmKO2

(control) littermates (Fig. 1F, G).

The role of raptor/mTORC1 in the mechanical
activation of RSmTOR-dependent signaling

Having established the skeletal muscle specific and in-
ducible raptor knockout model, we next set out to de-
termine whether raptor is necessary for the activation of
theRSmTOR-dependent signaling events that are induced
by mechanical stimuli. Specifically, we first used a model
in which TA muscles were subjected to a bout of MIC via
electrical stimulation of the sciatic nerve. To date, it has
been widely reported that this type of mechanical stimu-
lation induces a robust activation of RSmTOR-dependent
signaling events; yet, this has never been directly
confirmed (24, 28). Therefore, to establish whether MICs
induce the activation of RSmTOR-dependent signaling,
we treated wild-type mice with, or without, rapamycin,
subjected their TA muscles to a bout of MICs, and then
evaluated themuscles for several commonly usedmarkers
ofRSmTOR-dependent signaling.As shown inFig. 2A, the
results demonstrated thatMICs promote an increase in the
phosphorylation of the 70 kDa ribosomal S6 kinase (p70)
on the threonine 389 residue [P-p70(389)], as well as the
ribosomal S6protein (S6) on the serine 235/236 [P-S6(235/6)]

and the serine 240/244 [P-S6 (240/4)] residues, but do
not promote an alteration in phosphorylation of the
eukaryotic translation initiation factor 4E-binding protein
1 (4EBP1)onthe threonine36/45residues [P-4EBP1(36/45)].
Furthermore, rapamycin completely abolished the ability
ofMICs to induce an increase inp70(389) phosphorylation,
but it did not preventMICs from promoting an increase in
S6(235/6) or S6(240/4) phosphorylation. Combined, these
results indicate that theMIC-induced increase in p70(389),
but not S6(235/6) or S6(240/4) phosphorylation, is me-
diated by a fully rapamycin-sensitive, and presumably
mTOR-dependent, mechanism.

Although rapamycin is considered to be a highly spe-
cific inhibitor of mTOR, it remained possible that the
inhibitory effects of rapamycin were exerted through
nonspecific (mTOR-independent) actions. Thus, to address
this, we used transgenic mice that possess skeletal muscle
specific expression of a rapamycin-resistant mutant of
mTOR (RR-mTOR) (7, 25). As shown in Fig. 2B, the ex-
pressionofRR-mTORrescued theMIC-induced increase in
p70(389) phosphorylation from the inhibitory effects of
rapamycin. This was an important observation because it
confirmed that mTOR is the rapamycin-sensitive element
that conferred the MIC-induced increase in p70(389)
phosphorylation, and therefore, established that MICs in-
duce a robust activation of RSmTOR-dependent signaling.

Figure 1. Characterization of skeletal muscle specific and inducible raptor knockout mice. A) Skeletal muscle specific and
inducible raptor knockout mice (iRAmKO+), along with control littermates (iRAmKO2), were treated with 2 mg/d of tamoxifen
for 5 d (Tam). At 7, 14, or 21 d post-Tam, TA muscles were collected and subjected to Western blot analysis. Values are expressed
relative to the time-matched iRAmKO2 samples. B) Western blot analysis of TA muscles from 21 d post-Tam mice. Values re-
present the ratios of Cox IV and Cytochrome C (Cyt C) to tubulin (Tub) and are expressed relative to the iRAmKO2 samples. C)
Muscle weight to bodyweight ratio of TA muscles at 21 d post-Tam. D) Cross-sectional area (CSA) of each fiber type (i.e., type IIa,
IIx, and IIb) in the TA muscles at 21 d post-Tam was determined, and then the average of these values was used to calculate the
“type II fiber CSA” (individual fiber type data are shown in Supplemental Fig. S2). E) Representative images of the cross sections
that were stained for laminin (white) as well as type IIa and type IIb fibers. Scale bars, 100 mm. F) Average voluntary distance run
during a 5-d period in mice that were 17–21 d post-Tam. G) Photograph of 21 d post-Tam mice. All values represent the group
means 1 SEM; n 5 4–8/group as indicated in the graphs and Supplemental Fig. S11 which contains additional quantitative
information. *P # 0.001, significantly different from the time-matched iRAmKO2.
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In a final set of experiments, we subjected muscles from
iRAmKO2 and iRAmKO+ mice to a bout of MICs. Western
blot analyses revealed that, like rapamycin, the loss of
raptor/mTORC1 significantly reduced S6(235/6) and S6
(240/4) phosphorylation, but it did not prevent MICs from
promoting an increase in the phosphorylation of these sites
(Fig. 2C). On the other hand, the loss of raptor/mTORC1
completely abolished the ability of MICs to induce an in-
crease inp70(389)phosphorylation. Similar resultswerealso
obtained when EDL muscles were subjected to mechanical
stimulation via an ex vivo bout of intermittent passive stretch
(Supplemental Fig. S3) (25). Thus, when combined, the re-
sults from these analyses indicate that raptor/mTORC1 is
necessary for, at least a subset of, the RSmTOR-dependent
signaling events that are induced by mechanical stimuli.

Raptor is necessary for the targeting of mTOR
to the late endosome/lysosome

Next, we set out to develop a better understanding of
why raptor is necessary for the mechanical activation of

RSmTOR-dependent signaling. During this effort, we
were particularly inspired by previous studies that have
suggested that raptor regulates RSmTOR-dependent
signaling by controlling the intracellular localization of
mTOR (29, 30). This was an attractive concept because
work fromour laboratoryhasdemonstrated thatmTOR is
enrichedat the late endosomal/lysosomal (LEL) systemin
skeletal muscle, and that its association with the LEL is
further enhanced when muscles are stimulated with a
bout of MICs (26). Moreover, previous studies have also
demonstrated that, in HEK293T cells, raptor is necessary
for the enhanced targeting ofmTOR to theLEL that occurs
in response to amino acid stimulation (29). Based on these
points, we reasoned that raptormight be necessary for the
mechanical activation of RSmTOR-dependent signaling
because it targets mTOR to the LEL. To begin testing this,
we first measured the degree of colocalization between
mTOR and LAMP2 (amarker of the LEL) in unstimulated
(i.e., control) TA muscles from iRAmKO2 and iRAmKO+

mice. As shown in Supplemental Fig. S4, our results
demonstrated that mTOR is highly colocalized with the
LEL inmuscles from iRAmKO2mice, and that this pattern

Figure 2. Raptor/mTORC1 is necessary for, at least a subset of, the RSmTOR-dependent signaling events that are activated by
maximal-intensity contractions. A, B) Wild-type FVB (A) and FVB (B) mice with skeletal muscle specific expression of a
rapamycin-resistant mutant of mTOR (RR-mTOR) were treated with rapamycin (RAP+) or the solvent vehicle (RAP2), and then
the tibialis anterior (TA) muscles were stimulated with a bout of maximal-intensity contractions (MIC+) or the control condition
(MIC2). At 1 h after stimulation, the TA muscles were collected and subjected to Western blot analysis. Values represent the
phosphorylated to total ratio (P:T) expressed relative to the genotype-matched control group (i.e., RAP2 and MIC2). C) At 21 d
after being treated with 2 mg/d of tamoxifen for 5 d (Tam), TA muscles from skeletal muscle specific and inducible raptor
knockout mice (iRAmKO+), and the control littermates (iRAmKO2), were subjected to a bout of MIC, or the control condition,
and then analyzed as previously described. Values represent the group means for the P:T ratios, or the percentage of 4EBP1 in
the g form (g:T), expressed relative to the control group (i.e., iRAmKO2 and MIC2); n = 4–6/group. Horizontal bar above the
values indicates a main effect for RAP (A) or iRAmKO (C). *P , 0.05, significant effect of MIC within the given level of RAP or
iRAmKO; †P , 0.05, significant interaction between RAP and MIC (A), or iRAmKO and MIC (C). Additional quantitative
information can be found in Supplemental Fig. S11.
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of colocalizationwas abolished inmuscles from iRAmKO+

mice. Moreover, as shown in Fig. 3, we found that MICs
induce a further increase in the colocalization of mTOR
with the LEL inmuscles from iRAmKO2mice, and again,
this effect was abolished in muscles from iRAmKO+ mice.
Combined, these results establish that raptor is necessary
for efficient targeting of mTOR to the LEL in both control
and mechanically stimulated muscles.

The synergist ablation model of mechanical
overload induces reexpression of raptor in the
muscle fibers of iRAmKO+ mice

Todeterminewhether raptor isnecessary formechanically
induced hypertrophy, we first attempted to use the syn-
ergist ablation model of mechanical overload. To date,
synergist ablation has been the most widely used rodent
model for inducing muscle hypertrophy and defining the
underlyingmechanisms that regulate this process (31, 32).
Synergist ablation involves the surgical removal of the
gastrocnemius and soleus muscles, and as a result, the
plantaris muscle is subjected to chronic mechanical over-
load and adapts with a robust hypertrophic response.
Importantly, we and others have shown that synergist
ablation–induced hypertrophy is completely blocked
when mice are treated with rapamycin and that mTOR is
the rapamycin-sensitive element that confers the hyper-
trophic response (6, 7). However, themechanical stimulus
imposed by synergist ablation is highly supraphysiologic,
and it induces marked signs of regeneration and/or
hyperplasia (e.g., a dramatic increase in the number of

eMHC positive fibers) (7). This was a concern because
expression of the tamoxifen inducible Cre recombinase in
the iRAmKO+ mice is controlled by the HSA promoter,
a promoter that is not highly expressed in satellite cells
(33). Hence, any satellite cell fusion that occurs during
regeneration/hyperplasia might result in the formation
of muscle fibers that contain satellite cell DNA, and thus,
intact copies of the raptor gene. Based on this point, we
suspected that it would be very difficult to maintain the
knockout of raptor in muscles that were subjected to
synergist ablation. Indeed, whenwe subjected iRAmKO2

and iRAmKO+mice to 7 d of synergist ablation, it resulted
in a substantial increase in the expression of both raptor
and mTOR in the muscles from iRAmKO+ mice (Fig. 4A).

To establish whether the increase in raptor was occur-
ring within the muscle fibers, we needed to be able to
visualize where raptor is expressed. Unfortunately, how-
ever, wewere unable to identify an antibody that could be
used to visualize raptorwith a high degree of specificity in
skeletal muscle cross sections. To overcome this, we de-
ferred to the use of an indirect immunohistochemical
measurement of raptor expression. Specifically, as shown
in Supplemental Fig. S4, we had already determined that
raptor is necessary for the targeting of mTOR to the LEL.
Thus, we reasoned that if raptor is being reexpressed in
muscle fibers of iRAmKO+ mice, then this should also in-
duce recolocalization of mTOR with the LEL in these fi-
bers. To test this, iRAmKO2 and iRAmKO+ mice were
subjected to 7 d of synergist ablation, or a sham surgery,
and then cross sections of the plantaris muscles were
stained for mTOR and LAMP2 (Fig. 4B). Colocalization

Figure 3. Maximal-intensity con-
tractions enhance the targeting
of mTOR to the LEL system via
a raptor-dependent mechanism.
At 21 d after being treated with
tamoxifen (2 mg/d for 5 d), the
tibialis anterior muscles from
skeletal muscle specific and in-
ducible raptor knockout mice
(iRAmKO+), as well as control
littermates (iRAmKO2), were
stimulated with a bout of maxi-
mal-intensity contractions (MIC+)
or the control condition (MIC2).
At 1 h after stimulation, the
muscles were collected and sub-
jected to immunohistochemistry
for mTOR and LAMP2 as a
marker of the LEL system. A,
B) Representative grayscale
and merged images of the
signals for mTOR and LAMP2
in muscles from iRAmKO2 (A)
and iRAmKO+ (B) mice. Scale
bars, 10 mm. C, D) Images from
iRAmKO2 (C), and iRAmKO+

(D) mice were analyzed for the
number of pixels that were
intensely positive for both

mTOR and LAMP2 (i.e., colocalized), and the results were expressed as a percentage of the mean value obtained in the
control samples. All values represent the group means + SEM; n = 27–31 images/group as indicated in graphs. *P # 0.005,
significant effect of MIC.
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analysis revealed that the loss of colocalization between
mTOR and LAMP2 in muscles from iRAmKO+ mice was
significantly restored after 7 d of synergist ablation (Fig.
4B–D). This observation indicated that reexpression of
raptor was occurring within the muscle fibers. However,
upon visual examination, it was clear that this effect did
not occur in all muscle fibers, but instead was generally

confined to fibers that possessed central core-like struc-
tures (see arrowheads in Fig. 4B). We suspected that these
were regenerated and/or newly formed fibers, and
therefore, performed additional analyses in which the
cross sections were stained for mTOR, LAMP2, and
eMHC. The results indicated that a very strong degree of
colocalization existed between mTOR and LAMP2 in the

Figure 4. The synergist abla-
tion model of mechanical
overload induces reexpres-
sion of raptor in the muscle
fibers of iRAmKO+ mice. At
21 d after being treated with
tamoxifen (2 mg/d for 5 d),
the plantaris muscles from
skeletal muscle specific and
inducible raptor knockout mice
(iRAmKO+), as well as control
littermates (iRAmKO2), were
subjected to synergist abla-
tion (SA+) or a sham (SA2)
surgery. During a 7-d recovery
period, the mice were treated
with daily injections of ta-
moxifen as detailed in the
Materials and Methods, and
then the muscles were col-
lected. A) Western blot anal-
ysis of mTOR and raptor.
Values are expressed relative
to the control group (i.e.,
iRAmKO2 and 7-d SA2).
B–D) Cross sections of the
muscles were subjected to
immunohistochemistry for
eMHC, mTOR, and LAMP2.
B) Representative images of
the muscles from iRAmKO2

and iRAmKO+ mice that had
been subjected to SA. Scale
bars, 10 mm. C) Frequency
scatterplots in I–IV were gen-
erated by comparing the in-
tensity of signal for mTOR
vs. LAMP2 in every pixel of
the analyzed images. Fre-
quency scatterplots in V, VI
were generated by only ana-
lyzing the pixels within, or
outside, of the eMHC posi-
tive fibers, respectively. D)
Pearson’s correlation coeffi-
cients (CC) between the sig-
nals for mTOR and LAMP2.
Values represent the group
means 1 SEM in the graph;
n 5 7-9/group as indicated in
the graph and Supplemental
Fig. S11 which contains addi-
tional quantitative information.
Horizontal bar indicates a main
effect for iRAmKO. *P # 0.001,
significant effect of SA within
the given level of iRAmKO.
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eMHC positive fibers of iRAmKO+ mice (Fig. 4CV ), while
the degree of colocalization between mTOR and LAMP2
in the eMHCnegative fibers was not significantly affected
by synergist ablation (Fig. 4C, compare III with VI). When
taken together, the results from these analyses indicate
that, in muscles from iRAmKO+ mice, synergist ablation
leads to the reexpression of raptor in eMHC positive, but
not eMHC negative, fibers.

Myotenectomy is an effective model for
mechanical overload-induced hypertrophy
and does not induce reexpression of raptor
in the muscle fibers of iRAmKO+ mice

Because of the large reexpression of raptor in the muscle
fibers of iRAmKO+ mice, we could not convincingly use
the synergist ablation model to define the role of raptor/
mTORC1 in mechanical overload-induced hypertrophy.
Thus, we developed a newmechanical overloadmodel in
which only the distal tendon and the associated myo-
tendinous junction of the gastrocnemius muscle was re-
moved.We refer to this model asmyotenectomy, and our
initial analyses revealed that, unlike synergist ablation,
myotenectomy did not lead to a significant increase in the
number of eMHC positive fibers (Fig. 5A). We also de-
termined that 14 d of myotenectomy was able to induce a
significant hypertrophic response, and that the hypertro-
phic response was mediated through a fully rapamycin-
sensitive mechanism (Fig. 5B and Supplemental Fig. S5).
Based on these results, it appeared that myotenectomy
couldbeasuitablemodel fordeterminingwhether raptor is
necessary for mechanical overload-induced hypertrophy.

To further examine the potential usefulness of the
myotenectomymodel, we subjected the plantaris muscles
of iRAmKO2 and iRAmKO+ mice to myotenectomy for
various amounts of time and then measured the protein
levels of raptor and mTOR. The outcomes revealed that
myotenectomy induced a slight but significant increase in
the expressionof both raptor andmTOR in iRAmKO+mice
(Fig. 5C, D). However, the magnitude of this effect was
much smaller than what was observed in the synergist
ablation model, and it was also paralleled by a similar
increase in the expression of raptor andmTOR inmuscles
from iRAmKO2 mice (Fig. 5C, D). Based on these points,
we suspected that the myotenectomy-induced increase in
raptorandmTORmighthave resulted fromthe infiltration
of nonmuscle cells (e.g., macrophages, neutrophils, etc.),
rather than from reexpression of these proteins within the
iRAmKO+ muscle fibers. Therefore, to examine this, we
subjected iRAmKO2 and iRAmKO+ mice to 7 d of myote-
nectomy, or a sham surgery, and then cross sections of the
plantaris muscles were stained for mTOR and LAMP2 as
well as dystrophin to identify the periphery of individual
muscle fibers (Fig. 5E). In stark contrast with what was
observed in the muscles of iRAmKO+ mice that were
subjected to synergist ablation (Fig. 4D), myotenectomy
did not significantly alter the colocalization of mTOR and
LAMP2 (Fig. 5F). Moreover, we noticed that myotenec-
tomy led to an increase in the presence of mTOR positive
cells that resided outside of the dystrophin boundary, and

that this effect was observed in muscles from both
iRAmKO2 and iRAmKO+mice (Fig. 5E). Combined, these
observations suggested that the myotenectomy-induced
increase in raptor andmTOR expression occurs outside of
themuscle fibers and,more importantly, that theknockout
of raptor within themuscle fibers of iRAmKO+mice could
be effectively maintained during myotenectomy.

Raptor/mTORC1 is necessary for mechanical
overload-induced hypertrophy

Having obtained the evidence which indicated that
myotenectomy induces hypertrophy through a fully
rapamycin-sensitive pathway, and that the knockout of
raptor can be effectively maintained during myotenec-
tomy, we next examined whether raptor/mTORC1 is
necessary for the hypertrophic effects of myotenectomy.
Specifically, iRAmKO2 and iRAmKO+micewere subjected
to 7 or 14 d of myotenectomy, or a sham surgery, and then
cross sections of the muscles were subjected to immuno-
histochemistry to identify the size of individual fiber types
(e.g., type IIa, IIx, and IIb). Interestingly, we found that the
knockout of raptor led to a transient increase in the size of
the fibers of the shammuscles (Supplemental Figs. S6 and
7). More importantly, myotenectomy led to a progressive
hypertrophic response in muscles from iRAmKO2 mice,
with the largesthypertrophic responseoccurring in type IIa
fibers (58% increase after 14 d) and the smallest increase
(27%) occurring in type IIb fibers, and none of these hy-
pertrophic responses were observed in the muscles from
iRAmKO+ mice (Fig. 6 and Supplemental Fig. S6). These
results indicated that raptor/mTORC1 is necessary for
mechanical overload-induced hypertrophy. However, it
still remained possible that the loss of the hypertrophic
response in the muscles from iRAmKO+ mice was not due
to theabsenceof raptor/mTORC1,but insteadwasdue toa
nonspecific effect of the HSA-MCM transgene (i.e., the ta-
moxifen inducible Cre recombinase). Therefore, to address
this, nonfloxed HSA-MCM positive mice, and their non-
floxed HSA-MCM negative littermates, were subjected to
14 d of myotenectomy. As shown in Supplemental Fig. S8,
the outcomes revealed that the hypertrophic effect of myo-
tenectomywasnotalteredbythepresenceof theHSA-MCM
transgene.As such, the results fromour studiesdemonstrate
that raptor/mTORC1 is necessary formechanical overload-
induced hypertrophy.

Raptor/mTORC1 is not necessary for a
mechanical overload-induced increase
in protein synthesis

Alterations in skeletal muscle mass are driven by changes
in the balance between the rate of protein synthesis and
protein degradation, and signaling by mTOR has been
widely implicated in the regulation of protein synthesis
(34–36). Consistent with this notion, several studies have
shown that rapamycin can prevent the initial increase in
protein synthesis that occurs in response to various forms
of mechanical stimulation (9, 37–39). Accordingly, current
models in the field indicate mTORC1 primarily regulates
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Figure 5. Myotenectomy is an effective model for mechanical overload-induced hypertrophy, and it does not induce the re-
expression of raptor in skeletal muscle fibers of iRAmKO+ mice. A) The plantaris (PLT) muscles of wild-type C57BL6 mice were
subjected to synergist ablation (SA+), myotenectomy (MTE+), or their respective sham surgeries as a control condition. After 14 d
of recovery, cross sections of the PLT muscles were subjected to immunohistochemistry for laminin and eMHC, and then the
total number of eMHC-positive fibers in the entire cross section was determined. Scale bars, 100 mm. B) The PLT muscles of wild-
type C57BL6 mice were subjected to MTE or a sham surgery as the control condition, and then the mice were treated with daily
injections of 1.5 mg/kg rapamycin (RAP+) or the solvent vehicle (RAP2). After 14 d of recovery, the PLT muscles were collected
and subjected to immunohistochemistry for fiber type identification. The mean CSA of each fiber type (i.e., type IIa, IIx, and IIb)
was determined, and then the average of these values was used to calculate the “type II fiber CSA” (individual fiber type data is
shown in Supplemental Fig. S5). C–F) At 21 d after being treated with tamoxifen (2 mg/d for 5 d), skeletal muscle specific and
inducible raptor knockout mice (iRAmKO+), along with control littermates (iRAmKO2), were subjected to MTE or a sham
surgery, treated with daily injections of tamoxifen as described in Materials and Methods, and then the PLT muscles were
collected after a 3-, 7-, or 14-d recovery period. Nonsurgically treated mice were used for a 0 d MTE2 condition. C) Western blot
analysis of mTOR and raptor. D) The amount of raptor at each time point was expressed as a percentage of the control condition
(i.e., iRAmKO2 and 0 d MTE2). E, F) Muscles from the 7-d time point were subjected to immunohistochemistry for dystrophin,
mTOR, and LAMP2. E) Representative images for each group with the images on the right revealing a magnified region of the
images on the left. Scale bars, 10 mm. Arrows indicate mTOR positive cells that resided outside of the dystrophin boundary. F)
Pearson’s CC between the signal for mTOR and LAMP2. All values represent the group means 1 SEM in the graph; n 5 5-10/
group as indicated in the graphs and Supplemental Fig. S11 which contains additional quantitative information. Horizontal bar
above the values indicates a main effect for iRAmKO. *P # 0.005, significantly different from the control condition; •P # 0.005,
significantly different from the time-matched iRAmKO2 group.
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mechanicaloverload-inducedhypertrophyvia its ability to
promote an increase in the rate of protein synthesis
(40–44). Thus, to directly test this notion, iRAmKO2 and
iRAmKO+micewere subjected to 7 d ofmyotenectomy, or
a sham surgery, followed by a puromycin injection for the
in vivo measurement of protein synthesis (23). Surpris-
ingly, the results revealed that, similar to themuscles from
control mice, the muscles of iRAmKO+ mice exhibited a
highly robust increase in the rate of protein synthesis
(Fig. 7). Analogous results were also obtained when EDL
muscles from iRAmKO2and iRAmKO+micewere subjected
to an ex vivo bout of intermittent passive stretch (Supple-
mental Fig. S9), as well as when wild-type mice were sub-
jected to synergist ablation and treated with rapamycin
(Supplemental Fig. S10). These unexpected results illustrate
that mTORC1-/RSmTOR-dependent signaling events are

not necessary for amechanical overload-induced increase in
protein synthesis, and the potential implications of this
finding will be further addressed in the discussion.

DISCUSSION

Work from several independent laboratories have estab-
lished that RSmTOR-dependent signaling events play a
critical role in the pathway through which mechanical
stimuli regulate skeletal muscle mass (6–9). Moreover,
numerous reports have shown that a subset of mTORC1-
dependent, but notmTORC2-dependent, signaling events
are highly sensitive to inhibition by rapamycin (10, 11).
Based on this point, it has been widely assumed that
mTORC1 is responsible for the RSmTOR-dependent

Figure 6. Raptor is necessary for myotenectomy-induced hypertrophy. At 21 d after being treated with tamoxifen (2 mg/d for
5 d), skeletal muscle specific and inducible raptor knockout mice (iRAmKO+), and control littermates (iRAmKO2), were
subjected to myotenectomy (MTE) or a sham surgery, treated with daily injections of tamoxifen as described in Materials and
Methods, and then the plantaris muscles were collected after a 7- or 14-d recovery period. Cross sections were subjected to
immunohistochemistry for laminin and fiber type identification. A) The mean CSA of each fiber type (i.e., type IIa, IIx, and IIb)
was determined, and then the average of these values was used to calculate the “type II fiber CSA.” The resulting values were
expressed relative to the mean value obtained in the genotype-matched sham group (individual fiber type data is shown in
Supplemental Fig. S6). B) Representative images of cross sections that were stained for type IIa and type IIb fibers. Scale bars,
100 mm. Values represent the group means + SEM; n = 5–20 muscles/group as indicated in the graph. Horizontal bar indicates a
main effect for iRAmKO. *P# 0.001, significant effect of MTE within the given level of iRAmKO; nP# 0.001, significantly different
from the genotype-matched 7-d MTE group.

Figure 7. Raptor/mTORC1 is not necessary for
a mechanical overload-induced increase in
protein synthesis. At 21 d after being treated
with tamoxifen (2 mg/d for 5 d), skeletal
muscle specific and inducible raptor knock-
out mice (iRAmKO+), and control littermates
(iRAmKO2), were subjected to MTE or a sham
surgery, and then treated with daily injections
of tamoxifen during a 7-d recovery period.
At 30 min before collection, the mice were
injected with puromycin, and then the plantaris
muscles were subjected to Western blot analysis
to quantify the amount of puromycin-labeled

peptides (i.e., the rate of protein synthesis). The membranes were also stained with Coomassie to verify equal loading of protein
in all lanes. Values in the graph are expressed relative to the control group (i.e., iRAmKO2 and MTE2) and represent the group
means 6 SEM; n = 9–12/group as indicated in the graph. Horizontal bar above the values indicates a main effect for iRAmKO.
*P # 0.01, significant effect of MTE within the given level of iRAmKO.
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signaling events that are evoked by mechanical stimuli.
However, as mentioned in the introduction, a growing
body of evidence has raised concerns about this assump-
tion. Thus, the first major question we addressed in this
study was whether raptor/mTORC1 is necessary for the
RSmTOR-dependent signaling events that are induced by
mechanical stimuli. To address this, we treated mice with
orwithout rapamycin, subjected theirmuscles to a bout of
MICs as a source of mechanical stimulation, and then an-
alyzed the muscles for markers of RSmTOR-dependent
signaling. The outcomes revealed that MICs induce a ro-
bust increase in p70(389) phosphorylation and that this
event is mediated through a fully rapamycin-sensitive
mechanism.Next, byusingmice thatexpress a rapamycin-
resistant mutant of mTOR, we were able to verify that
mTOR is the rapamycin-sensitive element that confers the
MIC-induced increase in p70(389) phosphorylation. Finally,
we subjected muscles from iRAmKO2 and iRAmKO+ mice
to a bout of MICs and found that raptor/mTORC1 is nec-
essary for the MIC-induced increase p70(389) phosphory-
lation. Similar results were also observed when muscles
were subjected to intermittent passive stretch as a source
of mechanical stimulation (Supplemental Fig. S3). Thus,
when taken together, 3 important conclusions can bedrawn
from our analyses: 1) mechanical stimuli induce a robust
activation of RSmTOR-/mTORC1-dependent signaling;
2) changes in p70(389) phosphorylation are a valid marker
for the mechanical activation of RSmTOR-/mTORC1-
dependent signaling; and 3) mTORC1 is necessary for, at
least a subset of, the RSmTOR-dependent signaling events
that are induced by mechanical stimuli. In addition to
making these conclusions,we also determined that raptor is
necessary for the targeting of mTOR to the LEL, and this
observation likely explains why raptor is necessary for the
mechanical activation of mTORC1 signaling [for additional
details on this concept see Jacobs et al. (45)].

Although MICs induced a robust increase in p70(389)
phosphorylation, they did not induce an alteration in
4EBP1(36/45) phosphorylation. This was an intriguing
observation because an extensive number of studies have
shown that classic agonists of RSmTOR-dependent sig-
naling (e.g., growth factors and nutrients) induce an
increase in both p70(389) and 4EBP1(36/45) phosphory-
lation and that this effect is mediated through a raptor/
mTORC1-dependent mechanism (46–48). So why did
MICs induce a robust increase in p70(389) phosphoryla-
tion while having no effect on 4EBP1(36/45) phosphory-
lation? According to the study by Kang et al. (11), various
mTORC1 regulated phosphorylation sites possess differ-
ent capacities to serve as substrates for mTORC1 (i.e.,
substrate quality) which, in turn, determines their sensi-
tivity to physiologic modulators of mTORC1 activity. For
example, 4EBP1(36/45) has been described as a very good
substrate for mTORC1, and this renders it rapamycin-
resistant, but still raptor-dependent. By contrast, other
phosphorylation sites such as p70(389) and the serine 64
residue on 4EBP1 [4EBP1(64)] have been described as
poor substrates for mTORC1 and, consequently, they are
highly sensitive to the inhibitory effects of rapamycin (11).
Accordingly, we propose that the unstimulated muscles
already possessed a very high level of 4EBP1(36/45)

phosphorylation, and therefore, the MIC-induced activa-
tion ofmTORC1wasunable to induce a further increase in
4EBP1(36/45) phosphorylation. On the other hand, be-
cause p70(389) is a poor substrate for mTORC1, the
unstimulated muscles would have had a low level of p70
(389) phosphorylation, and therefore, p70(389) was able
to undergo a dramatic increase in phosphorylation when
mTORC1 became activated. We suspect that a similar
type of event would have happened with 4EBP1(64)
phosphorylation. If correct, this would explain whyMICs
induced an increase in the percentage of the g (i.e., hyper-
phosphorylated) form of 4EBP1 despite no changes in
4EBP1(36/45) phosphorylation (Fig. 2).

The next major question we wanted to address in this
study was whether signaling by raptor/mTORC1 is nec-
essary for mechanical overload-induced hypertrophy. To
address this, we used a skeletal muscle specific and in-
ducible knockout based approach because, as explained in
the introduction, the constitutive knockout of raptor in
skeletal muscle results in a number of problematic traits.
Of note, current skeletal muscle specific and inducible
knockout approaches rely on the use of promoters that are
expressed in mature muscle fibers (e.g., the HSA or MCK
promoter), but thesepromotersarenothighly expressed in
satellite cells (22,33, 49).This is anoteworthypoint because
mechanical overload can cause satellite cells to fusewith the
pre-existing, regenerating, and/or newly forming muscle
fibers (50), and thus, introduce intact alleles of the genes that
werepreviouslyknockedout. Indeed,weobtainedevidence
which indicated that the synergist ablationmodel of chronic
mechanical overload led to the reexpressionof raptorwithin
muscle fibers that stained positive for eMHC. Thus, to
overcome this, we developed the myotenctomy model,
which, as shown in Fig. 5, induced hypertrophy through a
rapamycin-sensitive mechanism but did not lead to the ap-
pearance of eMHCpositive fibers or any indications that re-
expression of raptor had occurred within the fibers. These
were importantmilestones because they helped to establish
that the myotenectomy model, in conjunction with the
skeletal muscle specific and inducible knockout based ap-
proach, could be used to determine whether raptor (and
effectively any gene of interest) is necessary for mechanical
overload-induced hypertrophy.

As shown in Fig. 6, our results with the myotenec-
tomy model revealed that raptor/mTORC1 is neces-
sary for mechanical overload-induced hypertrophy.
Unexpectedly, however, we also discovered that raptor/
mTORC1 is not necessary for a mechanical overload-
induced increase in protein synthesis (Fig. 7). This was
a surprising observation because previous studies have
reported that rapamycin can inhibit the increase in
protein synthesis that occurs in response to various forms
of mechanical stimulation (9, 37–39), and thus, it has
been widely assumed that the activation of RSmTOR/
mTORC1 regulates mechanical overload-induced hyper-
trophy via its ability to promote an increase in the rate of
protein synthesis (40–44). Therefore, to further confirmour
findings, we performed a complementary experiment in
whichwild-typemicewere subjected to synergist ablation
and then treated with, or without, rapamycin. Consistent
with our findings in the iRAmKO+ mice, the outcomes
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revealed that rapamycin does not prevent the synergist
ablation-induced increase in protein synthesis (Supple-
mental Fig. S10). Thus, it canbe concluded thatRSmTOR-/
mTORC1-dependent signaling events are not required
for a mechanical overload-induced increase in the rate of
protein synthesis.

Although the aforementioned outcomes were un-
expected, they are highly congruent with recent studies in
rats which have shown that rapamycin does not com-
pletely prevent the increase in protein synthesis that
occurs at later time points following a bout of electrically
evoked contractions (8, 51, 52). Interestingly, Ogasawara
and Suginohara (52) have shown that this rapamycin-
insensitive increase in protein synthesis can be completely
abolishedwhen signalingbybothmTORC1andmTORC2
are blocked with the mTOR kinase inhibitor AZD8055.
Thus, it appears that signaling by rapamycin-insensitive
mTORC2 might contribute to the mechanical overload-
induced increase in protein synthesis, and this topic will
certainly be worthy of further investigation.

Based on our results, we have concluded that signaling
through RSmTOR/mTORC1 is necessary for mechanical
overload-induced hypertrophy, but it is not required for
a mechanical overload-induced increase in protein syn-
thesis. So then why is signaling through an RSmTOR-/
mTORC1-dependent mechanism necessary for a hyper-
trophic response? Currently, the answer to this question is
not known, but there are at least 2 possibilities that are
worthy of consideration. First, a recent study byMarabita
et al. found that, during Akt-induced skeletal muscle
hypertrophy, the knockout of p70 (a classic RSmTOR-/
mTORC1-dependent target that regulates protein syn-
thesis) attenuated thehypertrophic response, but it didnot
attenuate the Akt-induced increase in the rate of protein
synthesis. This study also revealed that, in the absence of
p70, the activation of Akt led to the accumulation of p62-
positive protein aggregates (53). This is noteworthy be-
cause the presence of p62-positive protein aggregates is
often due to the accumulation of mistranslated and/or
misfoldedproteins (54, 55).Hence, the regulationofp70by
RSmTOR/mTORC1 might play a role in controlling the
quality of newly synthesized proteins. If correct, then in
the absence of RSmTOR-/mTORC1-dependent signaling,
a normal increase in the rate of protein synthesis might be
evoked by mechanical overload, but a significant portion
of thesenewly synthesizedproteinswouldnotbeproperly
translated/processed, and therefore,wouldnot contribute
to a hypertrophic response. A second point to consider is
the role of RSmTOR-/mTORC1-dependent signaling in
the regulation of autophagy. Specifically, it is well known
that the activation of RSmTOR-/mTORC1-dependent
signaling suppresses autophagy (56). Thus, in the absence
of RSmTOR-/mTORC1-dependent signaling, mechanical
overload would presumably lead to a robust increase in
autophagy and, in turn, counteract the increase in pro-
tein synthesis that would normally drive a hypertrophic
response. It will be of great importance for future studies
to address these possibilities and to develop a more
comprehensive understanding of the basic mechanisms
through which RSmTOR/mTORC1 regulates mechani-
cal overload-induced hypertrophy.
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