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RESEARCH ARTICLE Glial Cells and Neuronal Signaling

mTOR regulates peripheral nerve response to tensile strain
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Love JM, Bober BG, Orozco E, White AT, Bremner SN,
Lovering RM, Schenk S, Shah SB. mTOR regulates peripheral nerve
response to tensile strain. J Neurophysiol 117: 2075–2084, 2017. First
published March 1, 2017; doi:10.1152/jn.00257.2016.—While exces-
sive tensile strain can be detrimental to nerve function, strain can be
a positive regulator of neuronal outgrowth. We used an in vivo rat
model of sciatic nerve strain to investigate signaling mechanisms
underlying peripheral nerve response to deformation. Nerves were
deformed by 11% and did not demonstrate deficits in compound
action potential latency or amplitude during or after 6 h of strain. As
revealed by Western blotting, application of strain resulted in signif-
icant upregulation of mammalian target of rapamycin (mTOR) and S6
signaling in nerves, increased myelin basic protein (MBP) and �-actin
levels, and increased phosphorylation of neurofilament subunit H
(NF-H) compared with unstrained (sham) contralateral nerves (P �
0.05 for all comparisons, paired two-tailed t-test). Strain did not alter
neuron-specific �3-tubulin or overall nerve tubulin levels compared
with unstrained controls. Systemic rapamycin treatment, thought to
selectively target mTOR complex 1 (mTORC1), suppressed
mTOR/S6 signaling, reduced levels of MBP and overall tubulin, and
decreased NF-H phosphorylation in nerves strained for 6 h, revealing
a role for mTOR in increasing MBP expression and NF-H phosphor-
ylation, and maintaining tubulin levels. Consistent with stretch-
induced increases in MBP, immunolabeling revealed increased S6
signaling in Schwann cells of stretched nerves compared with un-
stretched nerves. In addition, application of strain to cultured adult
dorsal root ganglion neurons showed an increase in axonal protein
synthesis based on a puromycin incorporation assay, suggesting that
neuronal translational pathways also respond to strain. This work has
important implications for understanding mechanisms underlying
nerve response to strain during development and regeneration.

NEW & NOTEWORTHY Peripheral nerves experience tensile
strain (stretch) during development and movement. Excessive strain
impairs neuronal function, but moderate strains are accommodated by
nerves and can promote neuronal growth; mechanisms underlying
these phenomena are not well understood. We demonstrated that
levels of several structural proteins increase following physiological
levels of nerve strain and that expression of a subset of these proteins
is regulated by mTOR. Our work has important implications for
understanding nerve development and strain-based regenerative strat-
egies.

peripheral nerve; strain; mTOR; cytoskeleton; myelin; neurofilament;
rapamycin

EXCESSIVE TENSILE STRAIN (stretch) or high strain rates can
damage peripheral nerves and their component neurons, often
irreversibly (Kwan et al. 1992; Wall et al. 1992); however,
neurons also possess a remarkable ability to accommodate and
respond to moderate levels of tensile loading. Nerves are
stretched during rapid phases of organism growth (Weiss
1941), bear acute strains up to 25% during joint movement
(Boyd et al. 2005), and also adapt to more persistent strain,
such as that occurring during limb lengthening (Ikeda et al.
2000). Consistent with the latter, in vitro evidence suggests that
strained axons can increase both their growth capacity and rate
of elongation (Bray 1984; Lamoureux et al. 1998; Pfister et al.
2004).

These concepts have recently been translated into strain-
based neuroregenerative strategies, with varied success (Ch-
uang et al. 2013; Hentz et al. 1993; Iwata et al. 2006). Axons
gain volume rather than simply thinning while under strain
(Loverde et al. 2011) and thus require an increase of cellular
material to support this expansion. Such a response is analo-
gous to that occurring during axonal outgrowth during devel-
opment or following injury, in which the production of many
proteins, including those associated with the cytoskeleton, is
increased (Donnelly et al. 2013; Eng et al. 1999; Tetzlaff et al.
1988). In addition, internodes also lengthen in response to
strain (Abe et al. 2004; Abe et al. 2002) suggesting that
myelinating Schwann cells also respond to deformation. De-
spite these compelling observations, our ability to optimize
strain-driven regenerative strategies is limited by a poor un-
derstanding of biological mechanisms underlying the response
of nerves to strain.

Local protein synthesis provides an efficient way to mobilize
structural elements required for increased neuronal volume. To
this end, a number of mRNAs encoding cytoskeletal proteins
are present locally within the axonal compartment, including
�-actin, tubulin, and neurofilament heavy subunit (NF-H) (Eng
et al. 1999; Olink-Coux and Hollenbeck 1996; Sotelo-Silveira
et al. 2000). These transcripts appear to be translated under
conditions of stress. For example, severed axons require axonal
protein synthesis to regenerate (Park et al. 2010; Verma et al.
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2005; Zheng et al. 2001), in a mammalian target of rapamycin
(mTOR)-dependent manner. Consistent with these findings,
suppression of phosphatase and tensin homolog (PTEN), an
inhibitor of mTOR, enhances axonal elongation (Ning et al.
2010). A role for mTOR in regulating strain-associated axonal
expansion has not yet been tested. However, several other
tissue systems, including striated muscle, respond to strain by
activating mTOR-dependent protein synthetic pathways, which
are initiated by focal adhesion kinase (FAK) phosphorylation
(Klossner et al. 2009).

Considering the importance of mTOR in axonal extension as
well as its role in responding to strain in nonneuronal cells, we
hypothesized that applied peripheral nerve strain activates
mTOR-mediated signaling pathways, resulting in increased
synthesis of structural proteins within the nerve. Our data
support this hypothesis in both axons and myelinating
Schwann cells.

MATERIALS AND METHODS

Animal Care

Animals were used under protocols approved by the University of
California-San Diego (UCSD) Institutional Animal Care and Use
Committee. For in vivo experiments, adult male Sprague-Dawley rats
between the ages of 10 and 13 wk were utilized. For in vitro
experiments, dorsal root ganglia (DRGs) from embryonic day 18
(E18) Sprague-Dawley rats were cultured. All adult animals were
euthanized by asphyxiation with CO2 followed by confirmation via
removal of major organs. Embryonic rats were euthanized by decap-
itation.

Animal Surgery and Nerve Strain

Anesthesia was induced with 5% isoflurane and maintained for the
duration of the experiments at 1.5–3% isoflurane. Thermoregulation
was achieved using an aquathermal pad, and heart rate and respiratory

rate were monitored throughout the surgery. The experimental limb in
which the nerve was strained was randomly assigned, and the con-
tralateral limb was used for paired comparison. The control nerve was
always exposed first, no more than 5–7 min before the strained nerve.
The rationale for this sequence was that the sham experienced mini-
mally more stress due to slightly increased duration of exposure, and
thus our comparisons were, if anything, conservative. Surgery con-
sisted of sciatic nerve exposure through separation of the fascial band
of the biceps femoris. The nerve was then freed from the tissue bed by
removing superficial fascia. A custom wedge was placed beneath the
sciatic nerve, creating strain by elevating the nerve from the tissue bed
(Fig. 1, A and B). By using this method, potential damage associated
with grasping or clamping strategies for nerve lengthening was
avoided. In addition, regional redistributions of strain or torsion
incurred by manipulating joint positions were avoided. Changes in the
spacing between surface markings on the epineurium, created with a
tissue marker, were used to measure strain following nerve elevation
relative to before nerve elevation. Strain was measured along the
longitudinal axis of the nerve. Nerves were strained for a period of
either 15 min (acute signaling) or 6 h (altered protein expression)
depending on the desired outcome measurement. Limb positioning
was maintained in a neutral position throughout the period of strain,
with knee at ~40° flexion and ankle at 10° of plantarflexion. During
stretch, nerves were continually soaked in a PBS-soaked piece of
gauze to ensure that the nerve did not dehydrate during experimen-
tation. The strained section of the sciatic nerve was excised, flash
frozen in liquid nitrogen-cooled isopentane, and stored at –80°C for
future processing. Sham surgeries were performed on contralateral
limbs, exposing and freeing the sciatic nerve without wedge insertion.

Rapamycin Treatment

To inhibit mTOR activity, rats were injected intraperitoneally with
5 mg/kg rapamycin (J62473; Alfa Aesar) in a solution consisting of 1
mg/ml rapamycin, 5% vol/vol ethanol, 4% vol/vol Tween 80, 4%
vol/vol polyethylene glycol in sterile water (as described in Eshleman
et al. 2002). Carrier control rats were injected with the same solution
without rapamycin.

Fig. 1. Experimental setup and electrophysiology. A:
sciatic nerves were marked and imaged following ex-
posure for baseline reference. B: insertion of custom
wedge strained the nerve locally without causing dam-
age. Markings were used to ensure consistent strain of
the nerves. Double-headed arrows in A and B represent
distances between the edges of ink markings, used to
calculate strain. Note that images provided are from
different angles and were included to show device
(arrowhead) insertion. Actual measurements were made
from an image captured from above the nerve, with
ruler in same plane as nerve. C: sample EMG recordings
from the tibialis anterior (TA) displays characteristic
depolarization and hyperpolarization following sciatic
nerve stimulation. Sample traces from before, during,
and after stretch are shown. Increased amplitude during
and after stretch likely reflects changes in contact ge-
ometry of electrode with the nerve. D: latency measure-
ments, made from time of stimulation to time of minima
and maxima of the recording trace, revealed no signif-
icant differences between pre- and poststretch (paired
t-test, means � SE, n � 3, all P � 0.05).
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Tissue Homogenization and Sample Preparation

Individual nerves were homogenized in 150 �l of homogenization
buffer consisting of 20 mM Tris·HCl, 150 mM NaCl, 1% vol/vol
nonyl phenoxypolyethoxylethanol (NP-40), 20 mM NaF, 2 mM
EDTA, 2.5 mM sodium polyphosphate (NaPP), 20 mM �-glycero-
phosphate, and 10% glycerol (Schenk et al. 2011; White et al. 2013).
Homogenization buffer was supplemented with cOmplete
(04693116001; Roche) and phosSTOP (04906845001; Roche) to
inhibit protein degradation and dephosphorylation. Whole protein
levels were quantified by BCA protein assay (Pierce), then samples
were diluted with homogenization buffer to 1 �g/�l total protein,
supplemented with Laemmli sample buffer at 3:1 (sample to buffer).
Samples were boiled for 10 min before storage at –80°C.

Western Blotting

Samples were removed from –80°C and heated at 60°C for 6 min.
Proteins were separated within 3–8% Tris-acetate gels (Bio-Rad
Laboratories, 20 �g total protein per well, based on results from BCA
protein assay), for 95 min at 110 V. Following electrophoresis,
proteins were transferred to nitrocellulose membranes (2 h at 4°C and
200 mA). Ponceau S (59803; Cell Signaling Technology) was used to
confirm that no gross errors in pipetting or transfer occurred. Mem-
branes were blocked with 5% nonfat milk, washed, then incubated
primary antibody overnight at 4°C. The membrane was again washed,
then incubated for 1 h in secondary antibody (1:1,000). Proteins were
visualized using ECL (Pierce). Image capture and quantification of
Western blots were performed using ImageLab software on a Chemi-
doc imager (Bio-Rad). Phosphorylated levels of a given protein were
normalized to the total levels of the protein. For this analysis,
phosphorylated proteins were probed, membranes were stripped, and
total protein levels for the corresponding protein were probed on the
same membrane. In addition, we normalized total protein levels to
those of GAPDH (Ning et al. 2010). Primary antibodies used were:
pmTORSer2448 (5536P; Cell Signaling), total mTOR (2983P; Cell
Signaling), pFAKY397 (44624G; Life Technologies), total FAK
(05537; Millipore), pS6Ser240/244 (2215S; Cell Signaling), total S6
(2317S; Cell Signaling), �-actin (A5060; Sigma-Aldrich), tubulin
(T9026; Sigma-Aldrich), SMI-31 (ab24573; abcam), GAPDH, NF-H,
Tuj1 (NC0475670; Covance), myelin basic protein (MBP; MAB386;
Millipore). Horseradish peroxidase-conjugated secondary antibodies
(Zymed) appropriate for each primary antibody were used.

Electrophysiology

Methods were similar to those of Restaino et al. 2014, excepting
the use of the tibialis anterior (TA) to record muscle response to nerve
stimulation. Briefly, following sciatic nerve exposure, a miniature
bipolar hook electrode (501650; Harvard Apparatus) was positioned
proximal to the strained region. The TA was exposed and needle
recording electrodes (Grass F-E2) were positioned adjacent to the
endplate zone (Westerga and Gramsbergen 1993). A ground needle
electrode was placed in the contralateral limb. A Grass SD9 stimulator
(Grass Astromed Technologies) was used to generate stimulation
pulses. Parameters were chosen to minimize the applied voltage,
while maintaining a recordable and consistent EMG response; these
parameters were six monophasic 50-�s duration square pulses at 5 Hz,
at an input voltage of 7 V (�10 mA). At each time point, five
consecutive recordings were made to ensure consistency of stimula-
tion and recording and averaged together to determine the latency
between stimulus and recording. Latency was determined based on the
delay between the timed and synchronized stimulation and recordings
such as those shown in Fig. 1. Unstrained measurements were made
with the nerve in a neutral configuration, with knee at ~40° flexion and
ankle at 10° of plantarflexion. Wedges were used to impose strain
during the 360-min period as above. Measurements were made at the

following time points in the following order: unstrained at t � 0 min,
strained at t � 0 min, strained at t � 15 min, unstrained at t � 15 min,
strained at t � 360 min, unstrained at t � 360 min, unstrained at t �
375 min (i.e., an additional 15-min rest period following wedge
removal).

Cell Culture

Isolated DRGs were digested in trypsin for 30 min. Five milliliters
of fresh culture medium (MEM � 10% FBS � 1% penicillin/
streptomycin/neomycin � 2% B27 � 50 ng/ml NGF) were added to
the DRGs to halt trypsin activity. Cells were spun down at 90 g.
Medium was aspirated and cells were resuspended in fresh medium.
DRGs were plated on custom microfluidic polydimethylsiloxane
(PDMS) wells (Bober et al. 2015). Wells were functionalized by
(3-aminopropyl) triethoxysilane treatment followed by laminin coat-
ing in the presence of 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide.

In Vitro Protein Synthesis Assay

One day postplating, neuronal protein synthesis was examined by
puromycin treatment, in a manner analogous to that previously de-
ployed for nonneuronal cells (Schmidt et al. 2009). Medium was
removed and replaced with medium containing 10 �g/ml puromycin.
Cells were incubated in puromycin medium at 37°C for 10 min, a time
point at which neurons remained viable. After incubation, cells were
washed 3� with fresh medium and then allowed to recover for 50
min. At this point cells were either left unstrained or strained ~20% by
application of vacuum pressure to the microfluidic chamber. Cells
were stretched using published methods (Bober et al. 2015). Briefly,
stretch was imposed at a rate of ~0.5%/s, to prevent possible damage
from rapid extension, and the membrane was maintained in a stretched
position throughout the experiment. For rapamycin experiments, me-
dium was supplemented with 10 �M rapamycin during the incubation
and recovery period. Cells were fixed within 5 min of release and
immunostained to determine localization and degree of puromycin
incorporation into newly synthesized proteins. For each cell analyzed,
mean pixel intensity was calculated along the axon. A region of
interest was drawn manually around the axon, excluding the cell body
from the axonal hillock, but including the growth cone. Following
background subtraction, the resultant region of interest was thresh-
olded using Otsu’s method (ImageJ, National Institutes of Health),
and the mean intensity of positive pixels was calculated.

Immunocytochemistry

Cells were fixed with 4% vol/vol paraformalin in PBS for 10 min
at 37°C, washed, and then permeabilized with 0.2% vol/vol Triton
X-100 in PBS for 5 min. Cultures were washed 3� in PBS. Cells were
blocked in 10% vol/vol FBS and 1% BSA wt/vol in PBS for 30 min.
Blocking buffer was removed and cells were incubated at room
temperature in primary antibody in blocking buffer for 1 h followed
by 3� wash in PBS and 1 h incubation in secondary antibody diluted
in blocking buffer followed by 3� wash in PBS.

Tissue Processing and Immunohistochemistry

Nerves were pinned to cork and flash frozen in liquid nitrogen
cooled 2-methylbutane following a 6-h period of strain. Nerves were
stored at �80°C until sectioned. Nerves were embedded in OCT
compound (Tissue-Tek) and 10 �m cross sections were prepared and
placed onto Superfrost Plus (ThermoFisher) slides.

Samples on slides were circled using an ImmEdge pen (Vector
Laboratories) to form a hydrophobic boundary. Following immersion
in deionized water, slides were fixed for 45 min in 10% formalin, then
permeabilized in 0.2% Triton X-100. Slides were blocked for 20 min
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in blocking buffer, then placed in primary antibody for 1 h at room
temperature; 3� washes with PBS were used between each step.
Secondary antibody was applied for a period of 1 h. Samples were
coverslipped with VectaShield and sealed with nail polish. Phos-
pho-S6 and Mouse MBP primary antibodies (from Western blots)
were used at a dilution of 1:1,000 in blocking buffer with Alexa Fluor
488 goat-anti-mouse and Alexa Fluor 594 goat anti-rabbit secondary
antibodies, which were diluted 1:200 in blocking buffer.

Confocal Imaging

Images were obtained using a Leica SP5 system equipped with an
argon laser for excitation at 488 nm and a HeNe laser for excitation
594 nm. Emission was captured from 500 to 550 nm for 488-nm
excitation and between 600 and 650 nm for 594-nm excitation. Laser
power and gains were kept constant to allow for adequate image
acquisition and quantitative comparisons (Table 1). Images were
captured at a resolution of 1,024�1,024 pixels and line averaged 3�
for noise reduction.

Statistics

Paired t-tests were used to compare contralateral strained and
unstrained nerves (Excel; Microsoft). Two-way ANOVAs (analysis of
variance) were used to compare the effects of rapamycin treatment
and strain on protein levels or signaling, with Tukey’s HSD used to
compare individual means post hoc. Experimental groups of eight rats
were used for all experiments except where otherwise noted; this
sample size was selected conservatively, based on a power calculation
that required six samples/group (� � 0.05, � � 0.2).

RESULTS

Model for In Vivo Nerve Strain

We developed methodology to strain rat sciatic nerves with-
out incurring damage associated with clamping or grasping the
nerve. Insertion of a custom-made isosceles trapezoidal wedge
into the underlying nerve bed (Fig. 1B) imparted a consistent
tensile nerve strain on the top edge of the wedge by creating a
four-point bending configuration on the nerve [conceptually
analogous to bow-stringing of axons (Dennerll et al. 1989) or
nerve elongation with a tissue expander (Arnaoutoglou et al.
2006)]. Rounded corners of the wedge minimized any nerve
tethering and allowed a gradual reduction of strain along
regions of the nerve descending from the wedge. Based on the
spacing between dots painted onto the epineurium, strains of
11.24 � 0.95% (mean � SE, n � 5) were measured, a magni-
tude approaching, but not exceeding, upper limits of physio-
logical strains (Boyd et al. 2005).

During this procedure, though decompression may have
affected the segmental blood supply to the nerve, we did not
observe any indication of substantial vascular impairment,
including pooling blood, changes of nerve or muscle color-

ation, or changes in heart or pulse rate. To confirm that nerves
did not experience injurious compression or damage over the
course of the experiment, conduction latencies to the TA were
measured, following stimulation of the sciatic nerve proximal
to the site of strain (Fig. 1C). Comparison of prestretch laten-
cies with those after 300 min, a time point equal to the longest
time point in all other experiments, showed no significant
differences in latencies to primary or secondary peaks (Fig. 1,
C and D). Additionally, while signal amplitude was variable
from time point to time point (though not for repeated mea-
surements within a time point), at no point did we see a
significant reduction in peak amplitude between prestretch
(4.26 � 2.22 V), 5-h stretch (7.09 � 1.40 V), and recovered
(6.49 � 1.38 V). The apparent increase in amplitude during
stretch is likely a result of increased recruitment of fibers by the
electrode due to flattening of the nerve. Collectively, these data
indicate that our nerve stretch model does not result in appre-
ciable changes to neurovascular function and that a physiolog-
ically reasonable surgical plane was maintained throughout the
experiment.

mTOR Pathway Activation and Cytoskeletal Protein
Expression Following Nerve Strain

To determine whether mTOR-associated translational path-
ways were activated in strained nerves away from neuronal cell
bodies, we first used Western blot analysis to examine the
response of FAK and mTOR activation levels following 15
min of applied strain. Consistent with other model systems, a
strong trend toward rapid mTOR activation with strain was
observed by a 40% increase in the p-mTOR/mTOR ratio for
strained nerves compared with unstrained (P � 0.070, paired
t-test; Fig. 2, A and B). However, FAK signaling was unre-
sponsive at this early time point as well as at later time points
up to 6 h (data not shown, n � 4), suggesting an alternate mode
of initiation (Fig. 2, A and B). Following 6 h of applied strain,
mTOR signaling persisted, with an increase of 37% over
unstrained nerves (P � 0.002, paired t-test; Fig. 2, C and D).
Consistent with this activity, we also observed a 28% increase
in activation of S6, a translational regulator downstream of
mTOR, in strained compared with unstrained nerves at 6 h
(P � 0.014, paired t-test; Fig. 2, C and D). Total mTOR and S6
levels trended slightly higher after stretch, though they were
not significantly different compared with controls (Fig. 2, F
and G); together, these data indicate that stretch results in
increased activation of an equal or larger pool of total
mTOR/S6 than that present in the absence of stretch.

We then tested whether strain induced a corresponding
increase in cytoskeletal protein expression. We focused on
expression of �-actin, neurofilament heavy subunit (NFH) and
tubulin, each hypothesized to be synthesized locally in neurons
(Eng et al. 1999; Olink-Coux and Hollenbeck 1996; Sotelo-
Silveira et al. 2000). Cytoskeletal protein levels were normal-
ized to GAPDH, a noncytoskeletal marker. Following 6 h of
strain, relative to unstrained contralateral nerves, we observed
increases in �-actin (130%; P � 0.035, paired t-test; Figs. 2, E
and F), but no significant increase in neuron-specific tubulin
Tuj1 (P � 0.086), total tubulin (P � 0.466), or NF-H (P �
0.755) following strain application.

Localization of S6 signaling. Because of the various cell
types within nerve tissue, it was important to determine the

Table 1. Power/gain settings for immunofluorescence

Power Gain

MBP (488) 30% 939.0
pS6 (594) 70% 709.0
SMI31 (488) 30% 815.8
Puromycin (488) 30% 543.8

Laser power and gain settings were kept constant for all samples to allow for
quantification of immunofluorescence.
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localization of the increased phospho-S6 signaling. Immuno-
labeled cross sections of rat sciatic nerves harvested after sham
treatment or stretch revealed an increase in S6 signaling in
strained nerves (Fig. 3, C vs. D and G). Interestingly, colocal-
ization of this signal with increased MBP signaling suggests
that much of the increased S6 signaling occurred in the
Schwann cells (Fig. 3, B and D). Quantification of immuno-
fluorescence showed an increase in MBP levels (Fig. 3, A, B,
and G; P � 0.049; unpaired t-test, n � 3) and a trend toward
increased phospho-S6 levels (P � 0.073) following strain
application. As myelination is thought to also influence neu-
rofilament phosphorylation (de Waegh et al. 1992; Hsieh et al.
1994), we also probed for levels of phosphorylated neurofila-
ments; immunofluorescence also revealed an apparent increase
in SMI-31 labeling in strained nerves (Fig. 3, D and H), though
differences in the dimensions of the rat nerves examined
precluded accurate analysis. Therefore, to confirm increases in
MBP and phosphorylated neurofilaments, we performed West-
ern blots (Fig. 3, H and I). Significant increases with strain

were observed for both MBP (P � 0.014) and SMI-31 (P �
0.008).

Rapamycin Regulation of Protein Levels in Strained Nerves

Given the concurrent increase in mTOR/S6 activation and
levels of several proteins following 6 h of strain, we next tested
the hypothesis that inhibition of mTOR complex 1 (the mTOR
complex associated with activation of S6) by systemic rapa-
mycin administration would suppress these increases. Rapa-
mycin was administered 1 h before the 6-h period of strain
application. To confirm rapamycin activity, we examined the
level of mTOR activation following strain application by
Western blot. Both the contralateral, unstrained nerve (50%
reduction; Fig. 4, A and B) and strained nerves (30% reduction;
Fig. 4, A and B) revealed a significant reduction in mTOR
activation. Two-way ANOVA analysis for strain and rapamy-
cin revealed a significant rapamycin-dependent decrease in
mTOR activation (P � 6.86�10�13). Additionally, a strain

Fig. 2. Strain-induced signaling and protein expression.
A: application of strain for 15 min revealed a trend
toward increased mTOR phosphorylation with constant
levels of FAK signaling (n � 4) as revealed by Western
blotting (B). C: following 6 h of strain application, a
significant increase was observed in both mTOR and
S6 phosphorylation levels following the application of
strain as revealed by Western blotting (D). E and F:
�-actin levels significantly increased following appli-
cation of strain while tubulin and total mTOR and total
S6 levels remained constant as revealed by Western
blotting. G: sample blots for each protein of interest.
*P � 0.05, paired t-test; means � SE; all graphs nor-
malized to unstrained levels.
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effect (P � 1.18�10�6) and trend towards an interaction effect
(P � 0.074) were observed, suggesting that mTOR activation
may be disproportionately suppressed in strained nerves. Con-
sistent with these data, S6 activation was also suppressed
following rapamycin treatment in both the contralateral, un-
strained limb (82% reduction; Fig. 4, C and D) and the strained
nerve (85% reduction; Fig. 4, C and D). Two-way ANOVA
also revealed a significant effect of rapamycin on S6 activation
(P � 8.89�10�12). In this case there was no strain effect (P �
0.15), but a trend toward an interaction effect (P � 0.0841).
Post hoc comparison of individual groups revealed a significant
influence of strain in the absence of rapamycin, which disap-
pears following rapamycin administration (no rapamycin, P �
0.014; rapamycin, P � 0.632). Rapamycin also resulted in
decreased total mTOR and S6 (Fig. 4, F and G), suggesting
that the resultant decrease in signaling reflected both reduced
phosphorylation and reduced phosphorylable targets.

Rapamycin treatment revealed differential translational reg-
ulation of the probed cytoskeletal proteins. �-Actin expression
remained elevated following strain application (P � 0.027;

Fig. 4, E and F). However, NF-H (P � 0.90; Fig. 4, E and F)
and Tuj1 (P � 0.613; Fig. 4, E and F) remained equal to those
of the unstrained nerve. Total tubulin saw a significant de-
crease relative to the unstrained nerve (61% reduction; P �
0.002). In the presence of rapamycin, there was a suppression
of the effect of strain on both MBP (P � 0.183; Fig. 4, F and
G) and SMI31 (P � 0.582; Fig. 4, F and G), consistent with
interplay between myelination and neurofilament phosphory-
lation.

Puromycin Identification of Strain-Induced Signaling in DRG
Cultures

To test for increases in whole protein synthesis within in
vitro neurons, embryonic DRGs were dissected and plated
onto a flexible PDMS substrate. Immunolabeling after ap-
plication of 20% strain for 1 h in the presence of puromycin
allowed quantification of puromycin incorporated into
newly synthesized proteins (Fig. 5). This measurement can
be used as a surrogate for total protein synthesis during the
experimental time course. Analysis of the puromycin ex-

Fig. 3. Immunohistochemistry and Schwann cell
signaling. Immunofluorescence of whole nerve
cross sections revealed increases in MBP (A vs. E),
pS6 (B vs. F), and SMI31 (D vs. H) with
strain. Double-labeling of MBP and pS6 (C and
G), revealed that pS6 expression was primarily
localized to myelin following nerve strain. West-
ern blots confirmed strain-dependent increases in
both MBP and SMI31 (I–K), suggesting a role for
Schwann cells in the response of nerves to strain.
Scale bar � 10 �m for MBP and pS6 and 100 �m
for SMI31.
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pression in DRG axons following strain revealed an increase
in mean pixel intensity in the axon, consistent with in-
creased protein synthesis (P � 0.042; paired t-test, N � 14
cells from 3 different devices were sampled per group).

DISCUSSION

In this study, we implemented a new experimental model to
examine translational pathways in response to nerve strain, in
the absence of nerve injury. Our results suggest that strain
induces alterations in Schwann cells and neuronal structure and
composition, including mTOR-dependent increases in myelin
basic protein levels and neurofilament phosphorylation.

Strain-Induced Signaling and Local Protein Synthesis

Although not a prototypical load-bearing tissue, nerves ex-
perience, accommodate, and respond to tensile deformations
(Boyd et al. 2005; Kwan et al. 1992). In single neurons,
moderate strains induce beneficial outcomes (Bray 1984; Lam-

oureux et al. 1998; Pfister et al. 2004), with one study reporting
a dramatic nearly eightfold increase in axonal elongation rates
(Pfister et al. 2004). In vivo, such loading is well described
during normal joint movement, limb lengthening surgery
(Boyd et al. 2005; Ikeda et al. 2000), and, more recently,
strategies for end-to-end nerve repair (Hentz et al. 1993) and
strain-based regenerative strategies (Abe et al. 2004; Chuang et
al. 2013).

In vivo, axons themselves may, at least partially, be pro-
tected from nerve strain by their unique undulating packing
architecture within the nerves as well as properties of the
extracellular matrix (Kwan et al. 1992; Love et al. 2013;
Phillips et al. 2004). However, when axons themselves are
strained, in vivo or in vitro, details on how they respond to
deformation are poorly understood. An important observation
was that axons do not display reduced caliber with strain,
indicating volumetric expansion as well as structural stability
(Loverde et al. 2011). Additionally, limb-lengthening models

Fig. 4. Effect of rapamycin on strain-induced signal-
ing and protein expression. Application of mTOR led
to a reduction in phosphorylated levels of both
mTOR (A and B) and S6 (C and D) (graphs normal-
ized to unstrained, no-rapamycin group). The effect
of strain remains following rapamycin administration
but was muted at the level of S6. Administration of
rapamycin before strain differentially regulated pro-
tein levels (E and F) (protein data normalized to
unstrained, rapamycin treated): �-actin remained el-
evated and both tubulin and total mTOR were re-
duced beyond baseline. Total S6 levels were not
significantly different from baseline. Strain effect on
MBP and SMI31 reported previously was eliminated
in presence of rapamycin. G: sample Western blots
are shown for each protein of interest. *P � 0.05,
paired t-test; 2-way ANOVA, effect of strain: ^P �
0.05, effect of rapamycin: †P � 0.05; means � SE.
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have revealed that strain induces elongation of internodes
without a reduction in nerve fiber area or g-ratio, again sug-
gesting volumetric expansion and in the cases of both neurons
and Schwann cells (Abe et al. 2004; Abe et al. 2002). Multiple
sources of cellular material may contribute to this expansion.
In the short term, preexisting pools of cellular material may be
rapidly recruited from neuronal or Schwann cell bodies, in a
manner analogous to the anterograde cytoskeletal flow posited
during axonal outgrowth (Dai and Sheetz 1995; Loverde et al.
2011). However, to accommodate long-term volume expansion
additional material must be newly synthesized, either in the
cell body or, as we hypothesize, locally within the axon.

mTOR signaling has not been investigated in the context of
neuronal strain, but the mTOR/S6 pathway is a strong candi-
date for modulating strain-induced local protein synthesis,
based on such a role in regulating skeletal muscle hypertrophy
(Klossner et al. 2009). In neurons, mTOR pathways are known
to be vitally important in axonal elongation (Abe et al. 2010;
Lu et al. 2012; Park et al. 2010; Verma et al. 2005) and axonal
branching (Grider et al. 2009), as well as nerve growth during
development or regeneration (Ning et al. 2010; Park et al.
2010; Sherman et al. 2012; Verma et al. 2005); local protein
synthesis is central to all of these processes (Zheng et al. 2001).
In our study, we imparted strain without appreciably impairing
neurovascular function (Fig. 1). We observed that strain in-
duced a rapamycin-sensitive [i.e., mTOR complex 1
(mTORC1)-associated], rapid, and persistent increase in
mTOR activation as well as downstream activation of S6 (Fig.
2, A and B). Given that strain-associated mTOR activation is
often linked to FAK signaling, it was somewhat surprising that
FAK activation did not increase, at both short and later time
points; however, Akt signaling upstream of mTOR may be
influenced by integrin- and laminin-associated signaling path-
ways such as integrin-linked-kinase pathways (Colognato et al.

2005), which represent alternate possibilities for upstream ac-
tivation.

While any number of proteins may be regulated through
mTOR-S6 pathways, we focused primarily on structural pro-
teins, whose synthesis is essential to volume expansion (Fine
and Bray 1971; Friede and Samorajski 1970; Hoffman and
Lasek 1980). This effort does not exclude mTOR-mediated
regulation of additional targets associated with growth, includ-
ing mitochondrial metabolism or lipid synthesis (reviewed in
Norrmén and Suter 2013). As also observed following nerve
injury, �-actin levels increased following nerve strain; how-
ever, NF-H and total tubulin remained relatively unchanged
with strain, suggesting a response different from that occurring
during the regeneration of axonal sprouts, where neurofilament
levels decrease (Bignami et al. 1986; Moss and Lewkowicz
1983; Pestronk et al. 1990).

Observed immunolocalization of activated S6 following
strain suggested that substantial mTOR/S6 associated signaling
occurs in myelinating Schwann cells (Fig. 3). A number of
studies in the central nervous system positively identified a role
for mTOR signaling in oligodendrocyte differentiation (Tyler
et al. 2009) and myelination (Narayanan et al. 2009; Wahl et al.
2014), though MBP protein levels were not affected by rapa-
mycin treatment. Conversely, our observed rapamycin-depen-
dent increase in MBP protein levels after strain supports a role
for mTOR signaling in Schwann cell growth, as demonstrated
by reduced myelination, reduced g-ratio, and reduced axonal
caliber following genetic reduction of mTOR (Sherman et al.
2012). Because it is not possible to completely decouple
Schwann cell and neuronal response to strain in whole nerves,
to test for neuron-specific influences of strain free from con-
founding signals from Schwann cells, we utilized an in vitro
neuronal deformation system. Based on outcomes from a
puromycin incorporation assay, we observed an increase in
axonal protein synthesis with strain, suggesting that neurons
themselves are also experiencing an increase in protein syn-
thesis. This result is consistent with observations that levels of
neuron specific �3-tubulin trended toward an increase with
strain (P � 0.08). Though this comparison did not achieve
statistical significance due to high variability in this particular
readout, a deeper examination of neuron-specific translational
signaling would be warranted and interesting. Such an exam-
ination might also include assessments of time-dependent
changes in translational activity in cell bodies (in vitro and in
vivo), and also an analysis of whether translated transcripts are
produced within neurons themselves, or transcytose from
neighboring Schwann cells (Court et al. 2008).

Our results provide additional evidence of the intertwined
relationship between myelination and neurofilament phosphor-
ylation. The intriguing phenomenon that Schwann cell myeli-
nation influences neurofilament phosphorylation was initially
demonstrated in the Trembler mouse and in normal axons (de
Waegh et al. 1992; Hsieh et al. 1994), which revealed reduc-
tions in P-NF-H in regions of decreased myelination. Consis-
tent with these observations, we observed parallel increases in
NF-H phosphorylation and MBP, with no change in overall
NF-H levels, with strain. Though at a 6-h time point we cannot
reliably assess the influence of these increases on myelination,
their rapamycin dependence provides a mechanistic basis for
the remarkable ability of nerves to accommodate moderate
levels of strain, both with respect to maintaining normal ge-

Fig. 5. In vitro puromycin incorporation increases in response to strain. In vitro
incorporation of puromycin was identified by immunolabeling of both un-
strained (A) and strained (B) samples. C: a significant increase in axonal
fluorescent intensity was observed following a 1-h application of strain (*P �
0.05, paired t-test, N � 14 cells from 3 different devices per group);
means � SE; graph normalized to unstrained levels.
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ometry (Abe et al. 2004) and modifying their expression of
myelin-associated proteins (Hara et al. 2003).

While rapamycin suppressed the effect of strain on MBP,
tubulin, and NF-H phosphorylation, �-actin levels remained
elevated, even following rapamycin administration. The main-
tained increase in levels of �-actin suggests that an alternative
signaling pathway is responsible for either de novo synthesis of
�-actin or local recruitment to the region of strain. One possi-
bility is regulation of �-actin transport and translation via RNA
binding proteins. A possible candidate for such regulation is
zipcode binding protein 1 (ZBP1), a �-actin binding protein
whose activity appears to be controlled by calcium-mediated
Src pathways (Hüttelmaier et al. 2005; Yao et al. 2006). While
further manipulation of non-mTOR pathways is necessary to
conclude a formal role, our results leave open the compelling
possibility of competing or synergistic transport-associated
pathways. Indeed, a recent study on stretched DRG neurons
revealed a slight increase in actin mobility following moderate
strain (Bober et al. 2015).

Finally, we cannot exclude the possibility that both the cell
body and flanking unstretched regions may provide material
for axonal growth and response to strain; however at our 6-h
time point, this contribution is likely to be minimal. Transport
of cytoskeletal cargoes is well characterized as slow compo-
nent transport, with bulk rates of �-actin, tubulin, and neuro-
filaments transport rarely exceeding 1 mm/day (Black and
Lasek 1979; Hoffman and Lasek 1975). At these rates, 6 h is
likely an insufficient amount of time for newly transported
proteins to appreciably contribute to measured increases,
which were on the order of 50%. It is a limitation of our work
that we did not formally assess this possibility by examining
waves of transport from the cell body over time, and this
remains a possible set of experiments for future study.

Conclusions

It is well established that the application of excessive strain
and tension on nerves has a major deleterious effect, which at
the greatest extremes fully and irreversibly eliminates a nerve’s
conductive capacity while under load (Kwan et al. 1992; Wall
et al. 1992). In our study, we successfully applied a moderate
static strain to nerves in vivo, without incurring functional
deficits. Application of strain led to increased mTOR signaling,
levels of myelin-associated proteins, and neurofilament phos-
phorylation, providing another example of the interdependent
relationship between myelinating Schwann cells and neuronal
structure. Our in vitro data also suggest that neurons increase
protein synthesis during the application of strain. Cumula-
tively, our work provides a putative mechanism for the nerve’s
ability to respond and adapt to strain. This has implications
both for strain-based strategies for nerve repair as well as for
the adaptation of untransected nerves, such as during develop-
ment or nerve entrapment.
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