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Abstract
Mammalian target of rapamycin complex 1 (mTORC1) inhibitors are extensively used as
immunosuppressants to prevent transplant rejection and in treatment of certain cancers. In
patients, chronic treatment with rapamycin or its analogues (rapalogues) has been reported to lead
to sensory hypersensitivity and pain conditions via an unknown mechanism. Here, we show that
pharmacological or genetic inhibition of mTORC1 activates the extracellular signal-regulated
kinase (ERK) pathway in sensory neurons via suppression of S6K1 to insulin receptor substrate 1
negative feedback loop. As a result, increased ERK activity induces sensory neuron sensitization,
mechanical hypersensitivity, and spontaneous pain. The clinically available adenosine
monophosphate-activated protein kinase activator, metformin, which is an antidiabetic drug,
prevents rapamycin-induced ERK activation and the development of mechanical hypersensitivity
and spontaneous pain. Taken together, our findings demonstrate that activation of the ERK
pathway in sensory neurons as a consequence of mTORC1 inhibition leads to the development of
pain. Importantly, this effect is abolished by co-treatment with metformin, thus providing a
potential treatment option for rapalogue-evoked pain. Our findings highlight the physiological
relevance of feedback signaling through mTORC1 inhibition and have important implications for
development of pain therapeutics that target the mTOR pathway.
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1. Introduction
Mammalian target of rapamycin (mTOR) is an evolutionarily conserved serine/threonine
kinase that regulates growth and proliferation, translation, autophagy, and cytoskeleton
organization. mTOR has recently emerged as a potential target for the treatment of pain
because mTOR activation has been linked to pathology underlying neuropathic pain at both
peripheral and spinal levels [2,19,28,34]. mTOR complex 1 (mTORC1) exerts its effect via
phosphorylation of its 2 key substrates, p70 S6 kinase (S6K; of which there are 2 members,
S6K1 and S6K2) and eIF4E-binding proteins. When phosphorylated by mTORC1, S6K1
stimulates mRNA translation by phosphorylating proteins that control translation initiation
and elongation [53]. As part of a negative feedback loop, S6K1 also phosphorylates and
inhibits insulin receptor substrate 1 (IRS-1), leading to inhibition of AKT (protein kinase B)-
mTOR and extracellular signal-regulated kinase (ERK) signaling. With long-term mTORC1
inhibition, decreased S6K1 activity leads to disinhibition of IRS-1, resulting in enhanced
AKT [7,22,33] and ERK [16] activity in cells. Because increased ERK activity is a well-
known sensitizer of peripheral nociceptors and is also involved in sensitization of spinal
cord neurons in the pain pathway [20,27], we reasoned that this feedback activation of ERK
might be physiologically relevant for therapeutics targeting mTORC1 in the pain pathway.
Interestingly, chronic treatment of patients with mTORC1 inhibitors is associated with
increases in the incidence of pain [6,26], including the possible development of complex
regional pain syndrome (CRPS) [24,31,47]; however, mechanistic data are lacking
concerning whether and how rapalogues are linked to the development of pain in patients
treated with these drugs.mTORC1 can be inhibited by rapalogues, some of which have been
shown to negatively regulate pain when given locally [15,19], but it is also negatively
regulated by the energy-sensing kinase, adenosine monophosphate-activated protein kinase
(AMPK). Importantly, AMPK activation also leads to phosphorylation of IRS-1 at a site
associated with decreased receptor tyrosine kinase signaling efficacy [42]. We have recently
shown that AMPK activators completely reverse neuropathic allodynia following peripheral
nerve injury [28], and are effective for the treatment of postsurgical pain in mice [41]. We
therefore reasoned that AMPK activators might block feedback activation of ERK in
sensory neurons, revealing distinct advantages of this pharmacological approach for the
treatment of pain, including pain potentially caused by clinical use of rapalogues.

Using pharmacological and genetic approaches, we demonstrate that mTORC1 inhibition
evokes spontaneous pain, mechanical hypersensitivity, and increased sensory neuron
excitability. These effects are mediated by ERK activation in sensory neurons and blocked
by AMPK activators. Hence, we provide insight into basic signaling of the mTOR pathway
in sensory neurons, a further rationale for the development of AMPK activators as a novel
class of pain therapeutics and a potential mechanistic rationale for rapalogue-evoked pain.

2. Materials and methods
2.1. Surgery and behavioral testing

Male ICR and C57BL/6 mice (20–25 g; Harlan, Indianapolis, IN, USA) and male Sprague-
Dawley rats (250–300 g; Harlan) were used. S6K1 and S6K2 double-knockout mice (S6K
DKO) on a mixed 129/SveJ × C57Bl/6 background were generated as described by Pende et
al. [36] and kindly provided by Dr. Thomas (University of Cincinnati). All animal
procedures were approved by the Institutional Animal Care and Use Committee of The
University of Arizona or McGill University and were in accordance with International
Association for the Study of Pain, National Institutes of Health, and Canadian Council on
Animal Care guidelines. Prior to surgery, all animals were assessed for mechanical
withdrawal thresholds [8]. Spared nerve injury (SNI) was performed on the mice as
described previously [5]. Spinal nerve ligation (SNL) was done on rats by tight ligation of
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the L5 and L6 spinal nerves as described by Kim and Chung [21]. Sham control animals
underwent the same surgery and handling as the experimental animals but without the SNL
or SNI. All animals were allowed to recover for 14 days and all testing commenced day 14
postsurgery. Following nerve injury, only animals that developed paw withdrawal thresholds
<1 g for SNI and <4.7 g for SNL by day 14 postsurgery were used. Animals were placed in
acrylic boxes with wire mesh floors and allowed to habituate for 1 hour. Predrug mechanical
thresholds were recorded and the animals received intraperitoneal injections of vehicle,
rapamycin, or metformin (doses indicated in text). S6K DKO and their respective wild-type
controls were subjected to a battery of nociceptive tests as described elsewhere [30], that
included determination of mechanical (von Frey filaments, automated von Frey, and tail
clip) and thermal thresholds (radiant heat paw withdrawal and tail withdrawal). Specifically,
calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA) were used for mechanical
stimulation of the plantar surface of the left hind paw and withdrawal thresholds were
calculated using the up-down method [8]. In SNI mice, mechanical stimulation was applied
to the dermatome innervated by the spared fibers. To determine rapamycin-induced
hypersensitivity, the animals were allowed to acclimate in the acrylic box for 1 hour and
baseline thresholds were recorded. The animals were then treated with rapamycin or co-
injected with rapamycin and an AMPK activator (metformin 200 mg/kg or A769662 30 mg/
kg). For Mouse Grimace Scale experiments, mice received injections and were placed in a
plexiglass box for observation. Between 2 hours, 15 minutes and 2 hours, 45 minutes after
injection, digital recordings were made and facial expression was scored from 80 images
taken over this time period. Images were randomly chosen for scoring as described in detail
previously [23,25]. In all behavioral experiments the experimenter was blinded to the
conditions of the experiment. For Western blotting studies, tissues were harvested 17 days
post SNL or 3 hours after treatment of mice with rapamycin alone or in combination with
AMPK activators.

2.2. Viral-mediated Raptor deletion
Raptor floxed mice on a C57BL/6 background were provided by D. Sabatini (Whitehead
Institute for Biomedical Research, Cambridge, MA, USA). Long-term herpes simplex viral
vector expressing Cre under Cytomegalovirus (CMV) promoter (LT HSV-Cre) was
generated by R. Neve (Viral Gene Transfer Core, MIT, Cambridge, MA, USA). Under
isoflurane anesthesia, 5 μL of solution containing viral particles (3 × 108 transducing units/
mL) were injected subcutaneously into the middle of the plantar surface of the left hind paw
of the Raptor floxed mice (Raptorflox/flox) and the experiments were conducted at least 2
weeks after the injection. Raptor floxed mice injected with HSV absent Cre and wild-type
C57BL/6 mice injected with LT HSV-Cre were used as controls.

2.3. Primary neuronal cultures
Mouse dorsal root or trigeminal ganglia (DRG or TG) from ICR mice were excised
aseptically and placed in Hank’s Balanced Salt Solution (Invitrogen, Grand Island, NY,
USA) on ice. The ganglia were dissociated enzymatically with collagenase A (1 mg/mL, 25
minutes, Roche, Indianapolis, IN, USA) and collagenase D (1 mg/mL, Roche) with papain
(30 U/mL, Roche) for 20 minutes at 37°C. To eliminate debris, 70 μm (BD) cell strainers
were used. The dissociated cells were resuspended in Dulbecco’s Modified Eagle Medium/
F12 (Invitrogen) containing 1× pen-strep (Invitrogen), 1× GlutaMax, 3 μg/mL 5-FDU
(Sigma, St. Louis, MO, USA), 7 μg/mL uridine (Sigma), and 10% fetal bovine serum
(Thermo Hyclone, Rockford, IL, USA). The cells were plated in 6-well plates (BD
Biosciences, San Jose, CA, USA) and incubated at 37°C in a humidified 95% air/5% CO2
incubator. On day 5 the cells were washed in Dulbecco’s Modified Eagle Medium/F12
media for 30 minutes, followed by treatment.
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2.4. Western blotting
Proteins were extracted from the cells and tissue in lysis buffer (50 mM Tris HCl, 1% Triton
X-100, 150 mM NaCl, and 1 mM ethylenediaminetetraacetic acid at pH 7.4) containing
protease and phosphatase inhibitor mixtures (Sigma) with an ultrasonicator on ice, and
cleared of cellular debris and nuclei by centrifugation at 14,000 relative centrifugal force for
15 minutes at 4°C. Fifteen micrograms of protein per well were loaded and separated by
standard 7.5% or 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis. Proteins
were transferred to Immobilon-P membranes (Millipore, Billerica, MA, USA) and then
blocked with 5% dry milk for 3 hours at room temperature. The blots were incubated with
primary antibody overnight at 4°C and detected the following day with donkey anti-rabbit
antibody conjugated to horseradish peroxidase (Jackson Immunoresearch, West Grove, PA,
USA). Signal was detected by enhanced chemiluminescence on chemiluminescent films.
Each phosphoprotein was normalized to the expression of the corresponding total protein on
the same membrane. Densitometric analyses were performed with Image J software
(National Institutes of Health, Bethesda, MD, USA).

2.5. Co-immunoprecipitations
After protein extraction, 50 μg protein was incubated overnight with 1:100 Nav1.7 antibody
(NeuroMab, UC Davis, CA, USA). The samples were incubated with Protein G conjugated
Sepharose beads (Sigma) for 3 hours. The beads were then pelleted and washed twice with
lysis buffer. After a final centrifugation, the pellet was suspended in 1× Laemmli Sample
Buffer containing 5% v/v β-mercaptoethanol. The co-immunoprecipitated total ERK (Cell
Signaling, Beverly, MA, USA) was detected by Western blotting.

2.6. Patch clamp electrophysiology
Whole-cell patch clamp experiments were performed on isolated mouse TG, cultured as
described above with experiments performed 24 hours after isolation, using a MultiClamp
700B (Axon Instruments, Foster City, CA, USA) patch-clamp amplifier and pClamp10
acquisition software (Axon Instruments). Recordings were sampled at 5 kHz and filtered at
1 kHz (Digidata 1322A, Axon Instruments). Pipettes (outer diameter 1.5 mm, inner diameter
0.86 mm; Sutter Instrument Company, Novato, CA, USA) were pulled using a P-97 puller
(Sutter) and heat polished to 2.5–4 MΩ resistance using a microforge (MF-83; Narishige
International USA Inc, East Meadow, NY, USA). Pipette offsets were zeroed automatically
before seal formation and liquid junction potentials were not corrected. Pipette capacitance
neutralization and bridge balance were adjusted automatically in current-clamp mode. All
recordings were performed at room temperature on cells with capacitance ranging from 20–
30 pF, corresponding to small-diameter neurons (~20–30 μm). Data were analyzed using
Clampfit 10 (Molecular Devices, Sunnyvale, CA, USA) and Origin 8 (OriginLab
Corporation, Northampton, MA, USA). Pipette solution contained (in mM) 140 KCl, 11
ethylene glycol tetraacetic acid, 2 MgCl2, 10 NaCl, 10 HEPES, 1 CaCl2 pH 7.3 (adjusted
with N-methyl glucamine), and was 320 mOsm. External solution contained (in mM) 135
NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10 glucose and 10 HEPES, pH 7.4 (adjusted with N-methyl
glucamine), and was 320 mOsm. The cells were treated with relevant drug for 1 hour before
patch clamp studies were carried out. Ramp stimulus protocols for Nav1.7 were performed
as described previously [40], as these protocols have been shown to preferentially elicit
function from Nav1.7 channels [11]. The viability of the neurons was verified by eliciting
currents in response to a voltage step protocol before and after each current ramp protocol
was carried out.
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2.7. Drugs and primary antibodies
U0126, U0124, and PF-4708671 were from Tocris (Ellisville, MO, USA) and metformin
was from LKT Laboratories (St. Paul, MN, USA). The following rabbit polyclonal
antibodies were obtained from Cell Signaling: p-IRS-1 (Ser636/639, cat# 2388; Ser789, cat#
2389; and Tyr895, cat# 3070), total IRS, p-ERK (Thr202/Tyr204, cat# 4377), total ERK, p-
AKT (Ser473, cat# 4058), total AKT, p-rS6 (Ser240/244, cat#2215); and total rS6. Nav1.7
mouse monoclonal antibody was from University of California Davis/National Institutes of
Health NeuroMab Facility. Rapamycin, CCI-779, and A769662 were from LC Laboratories
(Woburn, MA, USA).

2.8. Statistical analysis and data presentation
Data are shown as means ± SEM of n = 8 independent cell culture wells, n = 6 tissue
samples (for in vivo Western blotting, and co-immunoprecipitations), or n = 6 animals (for
behavioral studies) per group. Graph plotting and statistical analysis used GraphPad Prism
Version 5.03 (Graph Pad Software, Inc. San Diego, CA, USA). Statistical evaluation was
performed by one- or two-way analysis of variance, followed where appropriate by Dunnett
post hoc analysis. The a priori level of significance was considered to be P < 0.05.

3. Results
3.1. Pharmacological or genetic inhibition of mTORC1 results in mechanical allodynia

Previous studies suggested that acute local, intrathecal, or systemic mTORC1 inhibition with
rapamycin alleviates neuropathic pain [2,15,19]. Consistent with this, treatment of rats
having received SNL with rapamycin (1 mg/kg/day for 9 days) resulted in a partial, but
significant, reduction in SNL-induced allodynia (Fig. 1a). However, sham-operated animals
developed profound tactile hypersensitivity as a result of rapamycin treatment (Fig. 1a).
Inhibition of mTORC1 and, in turn, its downstream target, S6K1, can lead to disinhibition of
IRS-1 signaling, resulting in activation of ERK [16] and AKT [53] pathways. However, this
feedback signaling has not been demonstrated in vivo and its physiological relevance is
unknown. To study whether this feedback signaling occurred in vivo as a result of
rapamycin treatment, sciatic nerves were collected from SNL or sham rats treated with
rapamycin (1 mg/kg/day) for 9 days. Continuous rapamycin treatment evoked an increase in
p-ERK at Thr202/Tyr204 and p-AKT at S473 [53] in sham-operated animals (Fig. 1b).

In addition, we investigated the efficacy of rapamycin in mice with SNI. Similar to a
previous report with the same dose [34], systemic administration of rapamycin partially
reversed SNI-induced mechanical allodynia. However, daily treatment with rapamycin (20
mg/kg/day) produced allodynia in sham animals (Fig. 1c). In contrast, we have previously
shown that AMPK activators, metformin and A769662, effectively reverse mechanical
allodynia induced by SNI [28]. Here we show that even after long-term establishment of
neuropathic pain (7 weeks after surgery), metformin completely reversed neuropathic
allodynia in C57BL/6 mice, and this effect persisted following the cessation of treatment for
at least 2 months (Fig. 1d), highlighting the efficacy of AMPK activators for the potential
treatment of neuropathic pain. Metformin had no effect on mechanical thresholds in sham
animals (Fig. 1d).

We then asked whether mTORC1 inhibition would evoke mechanical allodynia in naïve
mice. Systemic administration of escalating doses of rapamycin (2, 6, and 20 mg/kg) caused
an acute and dose-related allodynia that peaked between 2 and 3 hours and subsided by 4
hours (Fig. 1e and f). Systemic treatment with the rapalogue CCI-779 (20 mg/kg) produced
a similar effect (Fig. 1e and f). Daily rapamycin dosing of naïve rats (1 mg/kg) also caused
allodynia within 4 days that persisted through at least day 7 (data not shown). Therefore, our
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data demonstrate that although systemic treatment with rapalogues reduces neuropathic
allodynia, these drugs also cause tactile hypersensitivity.

Although rapamycin and CCI-779 are thought to be selective mTORC1 inhibitors,
nonspecific effects cannot be excluded, especially at higher doses. Moreover, systemic
treatment may not selectively target sensory neurons. Thus, we used a Cre/loxP system to
delete a critical component of mTORC1 complex, Raptor, selectively in sensory neurons
(Fig. 2a). Raptor floxed mice were injected in the hind paw with neurotrophic herpes
simplex viral vector expressing Cre recombinase (HSV-Cre). Two weeks after the infection,
the levels of Raptor and the downstream mTORC1 target, ribosomal S6 protein
phosphorylation, were significantly decreased in DRG of the floxed mice injected with
HSV-Cre (Fig. 2a), as compared to Raptor floxed mice injected with HSV (without Cre) or
non-floxed mice injected with HSV-Cre. Remarkably, deletion of Raptor induced
mechanical allodynia but had no effect on thermal thresholds (Fig. 2b), similar to the effects
observed with rapamycin treatment in mice and rats (Fig. 1a, c, e, and f).

S6K1/2 are direct targets of mTORC1 and phosphorylate IRS-1 as part of a negative
feedback loop [53]. Thus, we hypothesized that loss of S6K1/2 activity should recapitulate
mTORC1 inhibition-mediated allodynia. To inhibit S6 kinases we used both genetic and
pharmacological approaches. Double-knockout mice for S6K1/2 (S6K DKO) exhibited
tactile hypersensitivity, whereas thermal thresholds were not altered (Fig. 3a). Similarly,
inhibition of S6K1 with the specific inhibitor PF-4708671 led to a decrease in mechanical
thresholds (Fig. 3b). Taken together, our data indicate that inhibition of mTORC1 with
either pharmacological or genetic approaches leads to tactile allodynia via decreased S6K
signaling. Importantly, and consistent with effects observed with rapamycin treatment in
vivo, deletion of Raptor and S6K1/2 led to enhanced ERK and AKT phosphorylation in
DRG neurons (Fig. 3c and d), whereas the direct target of S6K1/2, ribosomal S6 protein
phosphorylation, was absent (Fig. 3d).

Phosphorylation of S636/639 residues on IRS-1 was also reduced in S6K DKO mice (Fig.
3d). Since this is an inhibitory site on IRS, reduced phosphorylation would be associated
with enhanced signaling.

3.2. mTORC1 inhibition promotes ERK activity resulting in sensory neuron
hyperexcitability

We hypothesized that mTORC1-mediated disinhibition of ERK signaling may lead to
sensory neuron hyperexcitability. Rapamycin treatment of cultured mouse sensory neurons
resulted in a concentration-related increase in p-ERK and p-AKT (Fig. 4a), recapitulating
changes observed in vivo (Fig. 1b). Moreover, to ensure an inhibitory effect of rapamycin on
mTORC1, we determined that rapamycin suppressed phosphorylation of ribosomal S6
protein (Fig. 4a).

The voltage-gated sodium channel Nav1.7 is a threshold channel that augments weak stimuli
and exhibits gating properties modulated by ERK phosphorylation [40]. ERK1
phosphorylation of specific residues on the intracellular L1 loop of Nav1.7 mediates an
increase in action potential firing and a decrease in latency to first action potential in sensory
neurons stimulated with depolarizing ramp current injections [40]. Importantly, Nav1.7 is
linked to human pain conditions wherein loss-of-function results in insensitivity to pain,
while gain-of-function causes erythromelalgia and paroxysmal extreme pain disorder [12].
Using co-immunoprecipitation, we demonstrate that treatment of primary sensory neurons in
culture with rapamycin (100 nM) for 1 hour enhances the association of ERK1 but not
ERK2 (which did not immunoprecipitate) with Nav1.7 (Fig. 4b). Moreover, inhibition of
ERK activation by co-treatment of the cultures with rapamycin and the mitogen-activated
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protein kinase kinase (MEK) inhibitor U0126 (10 μM) prevents the association of ERK1
with Nav1.7, whereas the inactive analogue U0124 has no effect (Fig. 4b).

We then used patch clamp electrophysiology to study the effect of rapamycin on the
excitability of small-diameter (20–30 μm) sensory neurons. Rapamycin treatment caused a
dose-related increase in the number of action potentials evoked in response to ramp currents
(Fig. 4c and d) and a decrease in latency to first action potential firing (Fig. 4c and e), an
effect consistent with phosphorylation of Nav1.7. Co-treatment of cultured neurons with
rapamycin (100 nM) and the MEK inhibitor U0126 (10 μM) completely blocked these
effects, whereas U0124 (10 μM) was inactive (Fig. 4c, f, and g). Thus, rapamycin enhances
excitability of sensory neurons in a manner consistent with ERK-mediated modulation of
Nav1.7-dependent action potential generation, highlighting the potential importance of
mTORC1-IRS-1 crosstalk in rapamycin-evoked hypersensitivity.

3.3. AMPK activators block the behavioral, biochemical, and electrophysiological effects of
mTORC1 inhibition via IRS-1

Phosphorylation of serine 636/639 and 789 residues is associated with decreased signaling
from IRS-1. IRS-1 S636/639 residues are phosphorylated by S6K [35,43], while the S789
site is phosphorylated by AMPK [42]. Treatment of primary afferent neurons in culture with
rapamycin for 1 hour results in decreased phosphorylation of S636/639 residues on IRS-1
(Fig. 5a), consistent with decreased S6K activity. Decreased phosphorylation of S636/639
residues allows for enhanced signaling through IRS-1 [53]. Treatment of either DRG or TG
neurons in culture with rapamycin enhanced IRS-1 Y895 phosphorylation (Fig. 5a and b),
which is required for the recruitment of the adaptor protein Grb2 that is critical for activation
of the ERK pathway [44]. Consistent with this, decreased S636/639 phosphorylation and
enhanced Y895 phosphorylation of IRS-1 are linked to augmented ERK activity following
rapamycin treatment (Fig. 5a and b). In contrast, treatment of sensory neuron cultures with
the AMPK activator A769662 (200 μM) enhanced S789 phosphorylation and attenuated
rapamycin-induced changes in Y895 phosphorylation of IRS-1 (Fig. 5a and b). This increase
in IRS-1 S789 phosphorylation and blockade of IRS-1 Y895 phosphorylation was associated
with an AMPK-mediated block of ERK activation by rapamycin treatment (Fig. 5a and b).
Hence, rapamycin treatment leads to phosphorylation of IRS-1 at specific sites that promote
ERK activity; however, co-treatment with A769662, a positive allosteric modulator of
AMPK [10], blocks the effects of rapamycin.

Next we used patch clamp electrophysiology to study the effect of AMPK activation on
rapamycin-evoked hyperexcitability in small-diameter sensory neurons. The selective
AMPK activator A769662 [10] completely reversed the rapamycin-induced increase in
neuronal excitability (Fig. 5c–e), similar to the effect of the MEK inhibitor U0126. To
determine whether AMPK activators prevent mTORC1-inhibition-induced allodynia and
ERK activation in vivo, we co-injected naïve mice with rapamycin (20 mg/kg) and either
metformin (200 mg/kg) or A769662 (30 mg/kg). Rapamycin-induced tactile hypersensitivity
was prevented by both metformin and A768662 (Fig. 6a). Concomitantly, in the sciatic
nerve, we observed a significant increase in p-ERK 3 hours after rapamycin treatment, and
this was prevented by both metformin and A769662 (Fig. 6b). To determine if mTORC1
inhibition leads to the development of spontaneous pain, we used the Mouse Grimace Scale
[23,25]. Injection of rapamycin (20 mg/kg) led to an increase in Mouse Grimace Scale
scores consistent with the development of spontaneous pain after rapamycin injection (Fig.
6c). This effect was completely blocked by treatment with metformin (200 mg/kg),
consistent with findings using mechanical sensitivity as an end point (Fig. 6c). Next, we
asked whether metformin treatment would similarly reverse mechanical allodynia induced
by genetic disruption of mTORC1 activity. To test this, we treated mice with sensory neuron
deletion of raptor with 200 mg/kg metformin. Consistent with effects observed with acute
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rapamycin treatment, metformin also reversed allodynia in mice lacking Raptor (Fig. 6d),
and no effect was seen on thermal nociception (Fig. 6e). Therefore, mTORC1 inhibition
leads to mechanical allodynia and spontaneous pain in an AMPK activator reversible
fashion.

4. Discussion
The findings described herein add substantially to our understanding of mTOR signaling in
sensory neurons and how this pathway might be therapeutically manipulated for the
treatment of pain. First, consistent with studies in cell lines [16,53] and in cancers obtained
from patients treated with rapalogues [7,33], we observed that inhibition of mTORC1 leads
to feedback activation of AKT and ERK in DRG and TG neurons. This is recapitulated by
inducible knockout of raptor in DRG neurons and by either knockout or inhibition of
S6K1/2. Physiologically, this leads to increased sensory neuron excitability, mechanical
allodynia, and spontaneous pain. Importantly, we show that activation of AMPK is capable
of blocking these effects, including rapalogue-evoked spontaneous pain, likely via
modulation of IRS-1 phosphorylation. Furthermore, we show that the AMPK activator
metformin leads to a long-lasting reduction in neuropathic allodynia, whereas rapalogue
effects on neuropathic pain are less efficacious and transient. Hence, we conclude that
mTORC1 inhibition with rapalogues as a therapeutic target for pain is likely to be limited by
feedback activation or ERK in sensory neurons. AMPK activators do not promote this
mechanism, while blocking mTORC1 activity in sensory neurons [28,41], further
strengthening the case for development of AMPK activators for the treatment of pain.

A number of previous studies have assessed the role of mTORC1 in a variety of preclinical
pain models utilizing either intrathecal or local injection of rapamycin. Rapamycin, when
given intrathecally (spinally), inhibits formalin-induced pain [37] and dorsal horn
excitability [1], and reduces neuropathic pain via action on sensory afferents [15] or spinal
cord dorsal horn neurons [2]. Spinal mTORC1 has also been linked to inflammatory [32,49]
and bone cancer-induced pain [39]. Similarly, several studies have suggested a role of
mTORC1 in neuropathic or algogen-induced pain via a peripheral mechanism of action
through local administration of rapamycin [3,19,27,34]. However, only one study has
assessed how systemically administered rapalogues influence neuropathic pain, finding a
small but significant reduction in neuropathic allodynia after repeated or single systemic
administration [34]. Interestingly, these authors did not find any change in mechanical
threshold in sham mice treated with CCI-779 [34], in direct contrast to the findings reported
here. We found that rapamycin or CCI-779 treatment induced allodynia and spontaneous
pain (in the case of rapamycin) in either sham or naïve mice treated with these compounds.
This could be recapitulated through pharmacological inhibition of S6K1/2 or global
knockout of S6K1/2. Moreover, selective deletion of raptor in sensory afferents using HSV-
Cre led to the development of mechanical allodynia, replicating our findings with rapamycin
or CCI-779 and strongly implicating inhibition of mTORC1 in sensory afferents as the cause
of allodynia and spontaneous pain resulting from mTORC1 inhibition. Why, though, does
systemic treatment with rapalogues cause this pain state, whereas local treatment, especially
intrathecal treatment, does not? This may be due to pharmacokinetic factors, as local
treatment might lead to a short duration of mTORC1 inhibition with relatively rapid washout
of local drug, whereas systemic treatment would lead to sustained inhibition of mTORC1,
allowing for the engagement of feedback signaling and activation of ERK and AKT. In
support of this notion, the doses of rapalogues used in this study, and a previous study
showing efficacy in mouse neuropathic pain models [34], are substantially higher than doses
used in long-term studies examining the role of mTORC1 in longevity [17,29,46], for
instance. Another possibility, which we cannot exclude, is that these differences in local vs
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systemic treatment arise simply from differences in local concentration of drug, depending
on delivery route dosing.

Interestingly, numerous clinical studies have reported pain as a side effect of treatment with
rapamycin and rapalogues [6,9,24,26,31,47]; however, the molecular mechanism underlying
pain induction by mTORC1 inhibition remains elusive. Here, we found that disruption of
mTORC1 signaling in sensory neurons causes suppression of IRS-1-mediated negative
feedback, leading to AKT and ERK activation in TG and DRG as well as sciatic nerves.
Enhanced ERK activity increases sensory neuron excitability and is linked to mechanical
hypersensitivity and spontaneous pain. Hence, we provide a potential molecular mechanism
for rapalogue-induced pain, highlighting the potential physiological ramifications of
feedback signaling where mTORC1 is inhibited pharmacologically or genetically. Clearly,
not all patients develop pain when treated with rapalogues [6,13,26], however, some severe
cases of pain have been reported with these drugs, including the possibility that they may
provoke CRPS in certain susceptible individuals [24,31,45]. CRPS symptoms have been
shown to resolve after rapalogue withdrawal [31,45], suggesting a causal relationship. It is
possible that rapalogues have a different drug disposition or pharmacokinetic profile in
certain individuals, leading to sufficient accumulation of drug to stimulate feedback
activation of ERK. Such speculation will have to await further clinical examination.

Acute treatment with neurotrophic factors and proinflammatory cytokines increases
excitability of sensory neurons and induces hyperalgesia, in part, via activation of ERK/
MAP kinase [18,27,50]. ERK activity has been linked to increased neuronal excitability via
reduction of voltage-gated potassium conductance (Kv4.2) [51], an increase in voltage-gated
calcium conductance (Cav2.2) [14,48], and modulation of sodium channel (Nav1.7) gating
properties [40]. We show that rapalogues activate ERK signaling and lead to increased
sensory neuron excitability, spontaneous pain, and allodynia, consistent with the previously
established role of ERK as modulator of neuron excitability. Though modulation of calcium
and potassium currents by enhanced ERK activity could contribute to the observed effects,
several lines of evidence indicate that changes in Nav1.7 channel gating properties have a
major role. First, in immunoprecipitation experiments, we found that rapamycin treatment
increased the association of Nav1.7 with ERK1. Second, mTORC1 inhibition decreases the
latency to first action potential and number of action potentials evoked by ramp
depolarization in small-diameter sensory neurons. These first 2 findings are consistent with
the fact that phosphorylation of Nav1.7 channel by ERK modulates its gating properties
without increasing current density [40], in contrast to the reported effect of ERK on
potassium and calcium channels current density [14,48,51]. Third, selective ablation of
mTORC1 in sensory neurons recapitulated the pharmacological effect of rapalogues and/or
S6K1 inhibitors, suggesting that the locus of action is in sensory afferents, where Nav1.7 is
predominantly expressed. Finally, injection of rapamycin induced spontaneous pain in mice,
consistent with gain of function phenotypes of Nav1.7 mutations found in humans that
induce spontaneous pain [12]. Hence, although we cannot exclude possible effects on other
channels or at other anatomical sites, our findings point to mTORC1 inhibition-mediated
modulation of Nav1.7 in sensory afferents as an important mediator of mTORC1 inhibition-
mediated pain.

Cells utilize the endogenous energy-sensing kinase, AMPK, to regulate mTORC1 activity
under conditions of low nutrient availability. Activated AMPK also phosphorylates IRS-1 at
Ser789, a site associated with decreased IRS-1 downstream signaling [42,52]. Importantly,
we demonstrate that rapalogue-induced and IRS-1-associated activation of AKT and ERK is
prevented when Ser789 is phosphorylated in the presence of AMPK activators, and that
rapalogue-triggered phosphorylation of ERK and AKT is blocked in vitro and in vivo
(summarized in Fig. 7). Activation of AMPK also rescued the increase in sensory neuron
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excitability, spontaneous pain, and allodynia, suggesting that AMPK activators might be
utilized to alleviate pain-promoting signaling engaged by rapalogues in clinical situations
where rapalogue treatment is warranted. The AMPK activator metformin, which is widely
used as a first-line therapy for type 2 diabetes, is a remarkably well-tolerated drug with low
incidence of side effects [4,38]. We previously showed a beneficial effect of AMPK
activators, including metformin, in preclinical models of neuropathic and postsurgical pain
[28,41]. The present findings, with AMPK activators, further support the case for the
continued development of this line of drugs as pain therapeutics with potential disease-
modifying attributes.

In summary, the present findings use pharmacological and genetic mechanisms to elucidate
a novel physiological role of mTORC1 inhibition-mediated feedback activation of ERK,
causing sensory neuron hyperexcitability, spontaneous pain, and mechanical allodynia.
Moreover, our results identify AMPK activation as a preferable therapeutic avenue for the
treatment of neuropathic pain, as this mechanism is devoid of liabilities clearly engaged by
direct inhibition of mTORC1.
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Fig. 1.
Rapamycin treatment induces allodynia and increases AKT and extracellular signal-
regulated kinase (ERK) phosphorylation.(a) Daily intraperitoneal injection of rapamycin in
rats with spinal nerve ligation (SNL) (treatment started 14 days post-SNL) leads to a partial
reversal of mechanical allodynia but causes allodynia in sham-operated animals. (b)
Treatment with rapamycin causes significant increases in ERK (Thr202/Tyr204) and AKT
(S473) phosphorylation in the sciatic nerve of sham-operated animals and rapamycin fails to
inhibit these kinases in SNL rats. (c) Daily intraperitoneal injection of rapamycin in mice
with spared nerve injury (SNI) partially reverses mechanical allodynia on day 7 (#, P <
0.05), however, sham-operated animals develop allodynia within 3 hours after rapamycin
injection. (d) Daily injection with metformin (Met, 200 mg/kg) for 7 days in mice with SNI
7 weeks postsurgery reverses neuropathic allodynia for at least 61 days after the cessation of
the treatment. (e) Naïve mice develop allodynia when treated with rapamycin in a dose
dependent manner and CCI-779 treatment induces allodynia in naïve mice. (f) Area-over-
the-curve (AOC) analysis demonstrates dose-related induction of allodynia in response to
rapalogue treatment. n = 6 per condition. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 2.
Raptor deletion leads to tactile allodynia. Raptor floxed mice were injected into the hind
paw with herpes simplex viral (HSV) vector expressing Cre. (a) The levels of Raptor and
rS6 phosphorylation decreased in the dorsal root ganglia (DRG) of Raptor floxed mice
(Raptorflox/flox) 2 weeks after the injection compared to the floxed mice injected with HSV
without Cre or C57BL/6 mice injected with HSV-Cre. (b) Raptor deletion leads to
mechanical allodynia, whereas thermal thresholds are not altered (n = 8 per group). **P <
0.01.
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Fig. 3.
Reduction of S6K activity leads to enhanced tactile sensation. (a) Mechanical sensitivity in
automated von Frey and tail clip tests is increased in S6K1/2 double-knockout (DKO) mice
as compared to wild-type (WT) littermates (n = 8 per group). No change in thermal
sensitivity was measured in radiant heat paw withdrawal and hot plate tests. (b) Daily
intraperitoneal administration of S6K1 inhibitor PF 4708671 (50 mg/kg) leads to reduction
of mechanical threshold (left panel; n = 4 per group), whereas no change in thermal
sensation was observed (right panel; n = 6). Phosphorylation of AKT and extracellular
signal-regulated kinase (ERK) is increased in sciatic nerves following Raptor deletion (c, n
= 6) and in dorsal root ganglia of S6K1/2 DKO mice, while insulin receptor substrate (IRS)
S636 phosphorylation is decreased in these mice (d, n = 6). *P < 0.05; **P < 0.01; ***P <
0.001.
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Fig. 4.
Rapamycin promotes extracellular signal-regulated kinase (ERK)-dependent
hyperexcitability of sensory neurons. (a) Treatment of mouse primary sensory neurons in
culture with rapamycin for 1 hour results in concentration-related increases in p-ERK and p-
AKT (S473). Rapamycin inhibits the phosphorylation rS6, a downstream target of
mammalian target of rapamycin complex 1 (mTORC1)-S6K (n = 6). (b) Co-
immunoprecipitation analysis reveals that the treatment of primary sensory neurons in
culture with rapamycin (100 nM) for 1 hour enhances the association of ERK1 with Nav1.7
(n = 6). ERK2 does not immunoprecipitate with Nav1.7. Rapamycin-enhanced association of
ERK1 with Nav1.7 is blocked by U0126 (10 μM) but not affected by U0124 (10 μM)
treatment. (c) Patch clamp analysis of mouse sensory neurons in culture treated with
rapamycin (n = 13) for 1 hour demonstrates that: rapamycin dose-dependently (d) increases
the number of action potentials evoked by ramp currents and (e) reduces the latency to first
action potential in response to escalating ramp currents. (f and g) Rapamycin-induced
hyperexcitability is blocked by U0126 (n = 10) but unaffected by U0124 (n = 11). Color
code of the stars: red (30 nm Rap vs vehicle), orange (100 nM Rap vs vehicle), brown (100
nM Rap + 10 μM U0124 vs vehicle), and green (100 nM Rap + 10 μM U0126 vs 100 nM
Rap). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 5.
Rapamycin activates extracellular signal-regulated kinase (ERK) by suppressing insulin
receptor substrate (IRS)-1 phosphorylation, while adenosine monophosphate-activated
protein kinase (AMPK) activator A769662 inhibits the ERK activation by enhancing the
phosphorylation of IRS-1. Treatment of dorsal root ganglion (a) or trigeminal ganglia (b)
neurons in culture with rapamycin (100 nM) for 1 hour suppresses the phosphorylation of
IRS-1 on S636. Treatment of the cultures with A769662 (200 μM) enhances S789
phosphorylation on IRS-1. The net outcome of these phosphorylation events is enhanced
Y895 phosphorylation of IRS-1 in response to rapamycin (100 nM) treatment alone.
Phosphorylation of Y895 is associated with the activation of ERK (n = 6). (b) AMPK
activator A769662 blocks rapamycin-enhanced excitability of sensory neurons. Patch-clamp
electrophysiology reveals that the treatment of sensory neurons in culture (n = 10) with
rapamycin (100 nM) for 1 hour results in an increase in the number of action potentials
evoked by ramp currents and reduces latency to first action potential in response to ramp
currents. Co-treatment of sensory neurons in culture (n = 10 per group) with A769662 (200
μM) and rapamycin (100 nM) profoundly attenuates the number of action potential evoked
by ramp currents (c) and increases the time to first action potential in response to ramp
currents (d). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 6.
Adenosine monophosphate-activated protein kinase (AMPK) activators block rapamycin-
induced behavioral and biochemical changes. (a) Treatment of naïve mice with rapamycin
(20 mg/kg) induces mechanical allodynia that peaks at 3 hours and subsides by 4 hours. Co-
treatment with rapamycin and either metformin (200 mg/kg) or A769662 (30 mg/kg) blocks
the development of rapamycin-induced allodynia. (b) Sciatic nerves from these animals
show a significant increase in p-ERK (extracellular signal-regulated kinase) and its blockade
with either metformin or A769662 treatment at 3 hours posttreatment. (c) Rapamycin (20
mg/kg) treatment causes a significant increase in Mouse Grimace Scale (MGS) score at 2–3
hours after systemic administration of drug. This effect is completely blocked by co-
administration of metformin (200 mg/kg, Sal = saline). (d) Control (open circles) and Raptor
knockout mice (Raptorflox/flox + HSV-Cre; filled circles) were injected daily with metformin
(200 mg/kg). Tactile allodynia, exhibited by Raptor-deleted mice, was resolved after 4 days
of treatment with metformin. (e) No change in thermal threshold was measured after 4 days
of metformin treatment. n = 6 per group. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7.
Schematic diagram summarizing the signaling pathways relevant to this study. Activation of
receptor tyrosine kinases (RTK) results in the recruitment of the adaptor protein insulin
receptor substrate (IRS), which results in the activation of PI3K-AKT- mammalian target of
rapamycin (mTOR) and Ras-Raf-Mek-ERK (extracellular signal-regulated kinase)
pathways. Serine phosphorylation of IRS on the 636/639 and 789 residues is associated with
reduced signaling from IRS, whereas Y895 phosphorylation is associated with enhanced
signaling. Blockade of mTOR complex 1 (mTORC1) with rapamycin results in the
inhibition of S6K, which leads to reduced IRS S636/639 phosphorylation, enhanced
phosphorylation of IRS Y895 residue, and the recruitment of the adaptor protein Grb2,
resulting in the activation of the ERK pathway. Activated ERK1 associates and
phosphorylates Nav1.7, leading to hyperexcitability of sensory neurons. Activation of
adenosine monophosphate-activated protein kinase (AMPK) in response to metformin
treatment, leads to enhanced IRS S789 phosphorylation (which is an inhibitory phospho site)
and reduced phosphorylation of IRS Y895 (which is a phospho site associated with
enhanced IRS activity) residue, which suppresses the recruitment of Grb2, thus reversing
rapamycin-induced activation of the ERK pathway.
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