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In the spinal cord, altered protein transcription and translation have received a lot of recent attention for their
role in neural plasticity, a major mechanism leading to the development of chronic pain. However, changes in
brain plasticity are also associated with the maintenance of pain symptoms, but these cellular mechanisms
remain less clear. The mechanistic/mammalian target of rapamycin (mTOR) is a master regulator of protein
synthesis, and controls several neuronal functions, including neural plasticity. While aberrant changes in mTOR
signaling are associated with sensitization of the pain pathway (sensory neurons and spinal cord), there are
various nervous system diseases that have pain as a comorbidity and altered mTOR activity in the brain. Here,
we provide a brief review of mTOR changes in the brain that are associated with some neurological disorders and
focus on how these changes may be relevant to the pain of the underlying condition and chronic pain itself.

Introduction
Pain is a complex sensory and emotional experience that motivates
the withdrawal or escape from damaging situations. Pain as a motivator
is useful in that it allows for the protection of a damaged body part, so
that proper healing may occur. Most pain resolves once the damaging
or noxious stimulus is removed, but in some instances, pain persists
despite the apparent healing of an initial inciting injury. This type of
pain, referred to as chronic pain, imposes a profound healthcare burden
that not only aﬀects the individual, but also permeates throughout all
avenues of social, work, and family life. The etiology behind pain
chroniﬁcation remains elusive, but it is accompanied by changes in pain
sensitivities and thresholds that are expressions of neural plasticity – an
activity-dependent alteration in structure and function of neurons
(Woolf and Salter, 2000). These long-lasting changes in neural plasticity are dependent on protein translation driven by the mRNA that
resides inside cell bodies, axons and dendrites (Fernandez-Moya et al.,
2014; Linden, 1996). In support of this, inhibition of protein synthesis
in the spinal cord prevents central sensitization by disrupting the late
phase of spinal long-term potentiation (LTP), a form of neural plasticity,
where synaptic potentials are enhanced (Hu et al., 2003). Since many
diseases of the brain are associated with aberrant plasticity, often
caused by dysfunctional protein translation, we suspect that when these
changes occur in pain-associated areas that this may lead to pain
symptoms. This suggests that elucidating the mechanisms behind
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aberrant protein translation in the brain may lead to novel insights into
delineating pain processing and pain chroniﬁcation.
The mechanistic/mammalian target of rapamycin (mTOR), a major
regulator of protein translation serves an important role in neural
plasticity (Banko et al., 2005; Costa-Mattioli et al., 2009) with accumulating data indicating that it is involved in nociceptive processing
(Geranton et al., 2009), and possibly chronic pain (Melemedjian et al.,
2011). mTOR is a serine/threonine protein kinase that belongs to the
family of phosphatidylinositol 3-kinase (PI3K)-related kinases. It is
highly conserved across eukaryotes (Di Domenico et al., 2018), and
forms two distinct complexes: the rapamycin-sensitive mTOR complex
1 (mTORC1) and rapamycin-insensitive mTORC2 (Hay and Sonenberg,
2004; Laplante and Sabatini, 2012). Regulation of protein translation is
predominantly carried out by the mTORC1 complex (Wang and Proud,
2006), consisting of raptor (regulatory associated protein of TOR),
mLST8 (mammalian Lethal with Sec13 protein 8) and PRAS40 (prolinerich Akt substrate of 40 kDa) amongst other subunits (Aylett et al.,
2016). mTORC2 is comprised of mLST8, rictor (rapamycin-insensitive
companion of mTOR), mSin1 (mammalian stress-activated protein kinase-interaction protein 1) and other subunits (Switon et al., 2017). In
particular, mTORC1 is known to regulate four proteins that participate
in either initiation of protein translation or the rate of translation via
phosphorylation: eukaryotic initiation factor 4E-binding protein 1/2
(4E-BP1/2), eukaryotic initiation factor 4B (eIF4B), p70- ribosomal S6
protein kinase 1/2 (S6K1/2) and ribosomal S6 proteins (S6) (Lutz et al.,
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pathway (Hou et al., 2017). This reduces protein and mRNA levels of
interferon and interleukin in the spinal cord of EAE mice, thus promoting immunosuppression (Hou et al., 2017).
MS was believed to be a painless disease, however 50%–80% of MS
patients report the presence of pain in their life (Nick et al., 2012;
Thibault et al., 2011; Truini et al., 2011), which can broadly be classiﬁed as nociceptive or neuropathic (O'Connor et al., 2008). Given that
glial cells contribute to the development and maintenance of pain hypersensitivity following nerve lesion (Ferrini and De Koninck, 2013),
enhanced mTOR signaling may contribute to the persistent pain of MS
through regulation of speciﬁc cellular activities. Repeated administration of rapamycin following the induction of EAE, signiﬁcantly reduced
mechanical allodynia and oﬀered protection from developing severe
motor impairment (Lisi et al., 2012). However, other studies have
found that the PI3K/Akt/mTOR pathway is downregulated following
the onset of EAE, which is restored with the administration of cannabinoids (Giacoppo et al., 2017). This occurs through cannabinoid type 1
(CB1) receptor activation of the pathway, promoting cellular survival in
astrocytes and oligodendrocytes while inhibiting production of cytokines.
Preclinical studies have identiﬁed that EAE rodents develop mechanical hyperalgesia and cold allodynia following onset of the disease
(Solaro et al., 2013; Thibault et al., 2011). In MS patients, it seems that
neuropathic pain may be the direct result of central demyelination
(Thibault et al., 2011). However, the exact molecular underlay of this
comorbidity is not well understood. Using an EAE-recovered mouse
model, one group found that pain reactivated inﬂammation through the
accumulation of immune cells, such as the pathogenic CD4+ T cells, at
speciﬁc sites on the spinal cord (Arima et al., 2015). The inhibition of
mTOR kinase activity in neuroimmune cells results in anti-inﬂammatory actions, suggesting possible beneﬁcial eﬀects of mTOR inhibitors (like rapamycin), however mTOR plays an important role in the
regulation of oligodendrocyte development and myelination. This
would limit its therapeutic potential, especially for conditions such as
MS. Additional studies are needed to determine the true role of mTOR
in MS-related neuropathic pain and whether beneﬁts may be observed
through a direct mTOR activation mechanism within spinal pain (or
brain) transmission pathways (Asante et al., 2009, 2010; Geranton
et al., 2009).

2015).
The majority of studies that have examined the role of mTOR in pain
have been focused at the level of the spinal cord where mTOR expression is found in superﬁcial dorsal horn and in dorsal root ganglia
(DRG) neurons (Xu et al., 2010). In the dorsal horn and DRG, increased
levels of phosphorylated mTOR were found in response to cancer-related, inﬂammatory and neuropathic pain including spinal cord injury
(Liang et al., 2013; Lucas and Lipman, 2002; Lutz et al., 2015;
Melemedjian et al., 2011; Shih et al., 2012; Wang et al., 2016; Xu et al.,
2011; Zhang et al., 2013). Further, inhibition of mTOR using rapamycin
reduced neuronal hyperexcitability in the dorsal horn and antinociception in animal models of inﬂammatory and neuropathic pain
(Asante et al., 2009, 2010; Banko et al., 2005; Costa-Mattioli et al.,
2009; Geranton et al., 2009; Liang et al., 2013; Obara et al., 2011; Price
et al., 2007; Shih et al., 2012; Xu et al., 2011).
The pathological changes related to pain, especially persistent pain,
are not limited to the level of spinal cord and there is evidence that
alterations in brain plasticity are associated with pain sensitivity (Eto
et al., 2018; Hashmi et al., 2013; Lee et al., 2018; Malﬂiet et al., 2017).
These changes, in turn, lead to maladaptive downstream processing
from the brain that may result in chronic pain (Bushnell et al., 2013). A
major contributor to these pathological brain changes is known to occur
at the level of protein translation, making the investigation of translational control in brain mechanisms of chronic pain of critical value. In
line with this, mTOR is ubiquitously expressed in the brain where it
regulates structural and functional components of neurons and glial
cells (Bockaert and Marin, 2015). Importantly, altered mTOR activity
within sensory or aﬀective brain regions would have a great impact on
pain processing and symptoms. However, the role of mTOR in the brain
with respect to chronic pain remains understudied. Since dysfunctional
mTOR signaling is found in a wide array of brain disorders that have
pain as a comorbidity, we examine various neurological disorders
where mTOR changes in the brain are well-documented and highlight
the implications of these changes for understanding pain.
Multiple sclerosis
Multiple sclerosis (MS), is an autoimmune disorder characterized by
scattered areas of lesions or plaques in the central nervous system
(CNS); demyelination, microglia activation, gliosis, and varying degrees
of axonal damage leading to chronic neuroinﬂammation (Russo et al.,
2016). A number of studies have shown that glial cells (microglia and
astrocytes) become activated in rodent models of MS, or experimental
autoimmune encephalomyelitis (EAE) (see Mallucci et al., 2015 for a
review) and recently, a direct role of mTOR in the modulation of glial
functions has been recognized (Dello Russo et al., 2013). Moreover, a
direct link between mTOR phosphorylation and microglial pro-inﬂammatory activation has been found in tuberous sclerosis complex
brain lesions conﬁrming the cell-speciﬁc activation of the mTOR
pathway in cortical tubers (Boer et al., 2008). Other studies have investigated a role for mTOR in oligodendrocyte diﬀerentiation and CNS
myelination and have demonstrated that mTOR is vital for these processes. Mice with oligodendrocyte-speciﬁc knockdown of mTOR in the
CNS using Cre-recombinase under control of the 2–3-cyclic nucleotide
3-phosphodiesterase (CNP) promoter show reduced oligodendrocytes
and myelination impairments in the spinal cord (Wahl et al., 2014).
Another interesting possibility is that cytokine-driven T cell proliferation likely contributes to the induction of MS, as well as motor
impairment in EAE models (Huseby et al., 2012). Recent evidence has
suggested that inhibition of PI3K signaling could weaken the immune
response via suppression of pro-inﬂammatory cytokine secretion,
pointing to a potential therapeutic target in treating inﬂammatory
diseases (Xie et al., 2014). Compelling data also suggests that the mTOR
inhibitor, rapamycin, clinically used as an immunosuppressant, selectively inhibits activation of T-helper cell subsets, ultimately suppressing
the mTOR-signal transducer and activator of transcription 3 (STAT3)

Depression
Major depressive disorder (MDD) is the most common mental illness, aﬀecting about 5% of the population every year (Abelaira et al.,
2014). It is often characterized by decreased mood, changes in previously enjoyable activities, alterations in appetite and sleep and suicidal ideation (Abelaira et al., 2014). Despite recent advances in understanding monoamine dysfunction in MDD, the biological
mechanisms underlying this mental health disorder remain poorly understood. Typical treatment regimens for MDD require lengthy treatment courses to establish antidepressant eﬀects, which suggest that
aberrant neural plasticity is a mitigating factor. This has prompted a
deeper exploration of the molecular mechanisms associated with depression, focusing on regulators of neural plasticity. Speciﬁcally, using
a rodent model of depression, Li et al. (2010) demonstrated that administration of the dissociative anesthetic ketamine, a glutamate Nmethyl-D-aspartic acid receptor (NMDAR) antagonist, rapidly activated
the mTOR pathway, leading to increased synaptic signaling and new
spine synapses in the prefrontal cortex (PFC). Moreover, a single administration of ketamine was suﬃcient to reverse the depressive phenotype and induction of synaptogenesis observed in the rodent models,
with similar reversal seen in human clinical trials (Aleksandrova et al.,
2017; Li et al., 2010). Further, mTOR phosphorylation and activation
were decreased in the brains – PFC, amygdala, and hippocampus – of
postmortem MDD patients, supporting a role for dysfunctional mTOR
signaling in the pathology of MDD (Ignacio et al., 2016).
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cortex and the inferior parietal lobule of AD cases (Griﬃn et al., 2005;
Li et al., 2005; Tramutola et al., 2015). Increased mTOR coincided with
neurons aﬀected by tau pathology (An et al., 2003; Iyer et al., 2014; Ma
et al., 2010). Also, enhanced phosphorylation of PRAS40, a subunit of
mTORC1, was found in the triple-transgenic mouse model of AD (3xTGAD) that exhibit both Aβ and tau pathologies (Caccamo et al., 2011). An
increase in mTOR activity can partly be explained by elevated levels of
zinc, an upstream activator of mTOR, in the hippocampus and amygdala (An et al., 2003; Cornett et al., 1998; Danscher et al., 1997; Deibel
et al., 1996). Also, Aβ accumulation was shown in vitro and in vivo to
trigger mTOR hyperactivity through the PI3K/Akt pathway (Oddo,
2012). In line with this, in 3xTG-AD mice, mTOR hyperactivity could be
stopped and normalized upon administration of an anti-Aβ antibody
(Caccamo et al., 2011). Furthermore, in 3xTG-AD mice, mTOR activity
was increased in the cortex and hippocampus in an age-dependent
manner (Caccamo et al., 2010; Caccamo et al., 2011). In humans,
phosphorylation of PI3K p85α subunit at the Tyr508 residue and Akt at
the Ser473 residue were detected during the early stages of mild cognitive impairments, indicating involvement of mTOR in the development of AD. Increased mTOR was found to lead to increased phosphorylation of its downstream targets including p70S6K and eIF4E (An
et al., 2003; Chang et al., 2002; Griﬃn et al., 2005; Onuki et al., 2004;
Peel and Bredesen, 2003; Pei et al., 2008; Pei and Hugon, 2008). In
response to elevated levels of mTOR, administration of rapamycin was
shown to decrease the pathological hallmarks of AD and associated
cognitive deﬁcits in 3xTg-AD, Tg2576 and hAPP (J20) mouse models
(Caccamo et al., 2014; Caccamo et al., 2010; Harrison et al., 2009; Lin
et al., 2013; Spilman et al., 2010; Wilkinson et al., 2012). Such improvements are brought on in part by downregulation of tau translation
and hyperphosphorylation at multiple serine/threonine residues as was
found in the perforant pathway and by the activation of autophagy in
brain parenchyma (Caccamo et al., 2010; Galvan and Hart, 2016; Siman
et al., 2015; Spilman et al., 2010; Tang et al., 2015; Tepper et al., 2014).
Interest has grown regarding the assessment and management of
pain in AD (Gagliese, 2009) and it has been estimated that 50–93% of
AD patients suﬀer from a pain condition (Abdulla et al., 2013; Corbett
et al., 2014; van Kooten et al., 2015; Whitlock et al., 2017). Neurodegenerative changes – often observed in AD – have been shown to occur
in brain regions associated with pain processing including the locus
coeruleus, hypothalamus, periaqueductal grey, anterior cingulate
cortex, insula and amygdala (Cole et al., 2006; Scherder et al., 2003;
Stubbs et al., 2016; Zarow et al., 2003). Progressive decline in cognitive
function makes self-assessment of pain unreliable and has led to contradictory observations (Defrin et al., 2015; Scherder et al., 2003;
Wynne et al., 2000). On the other hand, experimental studies based on
observations of pain responses (i.e. facial, motor and brain) have found
increased responsiveness in individuals with early to moderate AD
symptoms compared with healthy controls (Cole et al., 2006; Cole et al.,
2011; Hadjistavropoulos et al., 2000; Kunz et al., 2007; LintsMartindale et al., 2007). Individuals with AD displayed an increased
facial response, lowered threshold for the nociceptive ﬂexion reﬂex,
and elevated/prolonged brain activities in pain pathways and other
regions including dorsolateral prefrontal cortex (Defrin et al., 2015).
However, it remains to be determined whether similar changes occur in
advanced AD cases. We suspect that altered pain processing occurs, in
part, as a result of mTOR dysfunction, which is not limited to the
temporal regions of the brain, but spreads throughout the pain processing regions of the brain as the neurodegeneration progresses.

In approximately 30%–50% of chronic pain patients, MDD is a
common comorbidity (Barthas et al., 2017; Xie et al., 2017). The molecular mechanisms underlying this relationship remain unclear, but
point toward the inﬂuence of inﬂammatory and neurotrophic factors,
although the latter is less well-understood (Sheng et al., 2017; Xie et al.,
2017). In response to nerve injury and inﬂammation, brain derived
neurotrophic factor (BDNF) is released from microglia in the spinal cord
(Beggs et al., 2012; Coull et al., 2005) and possibly the brain (Taylor
et al., 2015) resulting in neuronal hyperexcitability. These changes
disrupt important neurotransmitter pathways resulting in increased
NMDAR excitation, excessive levels of glutamate and switching inhibitory neurotransmission to excitatory (Walker et al., 2014). This is
thought to aﬀect mood as supported by transient changes in cognition
and mood in healthy subjects given an inﬂammatory stimulus (Walker
et al., 2014). Evidence demonstrates that BDNF is altered in chronic
pain animals in areas speciﬁc to MDD/emotion processing, including
the PFC, hippocampus and amygdala (Ishikawa et al., 2015; Xie et al.,
2017; Yu and Chen, 2011). However, this depressive phenotype and
pain hypersensitivity can be reversed with administration of ketamine,
which is known to normalize pro-inﬂammatory cytokine levels (Xie
et al., 2017).
While ketamine is known to be an antagonist of the NMDAR and
glutamatergic transmission, it also aﬀects HCN1 channels, cholinergic,
aminergic and opioid systems (Zorumski et al., 2016). Ketamine’s antidepressant eﬀects far outlast detectable drug levels suggesting that
they may be mediated by a secondary increase in structural synaptic
connectivity and plasticity. In addition, ketamine causes a disinhibition
of glutamatergic transmission through an α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-dependent mechanism, resulting in synaptogenic eﬀects (Ignacio et al., 2016). Speciﬁcally, preclinical studies demonstrated that rats treated with
ketamine displayed decreased FST immobility in tandem with increased
hippocampal and PFC BDNF expression and increased phosphorylated
mTOR levels (Yang et al., 2013; Zhou et al., 2014). Further, administration of rapamycin in tandem with ketamine, blocked the antidepressant eﬀects of ketamine and actually induced cognitive deﬁcits
(Holubova et al., 2016). On its own, sub-chronic administration of rapamycin at high doses alleviated aﬀective symptoms (Cleary et al.,
2008; Russo et al., 2013), but had no eﬀect or induced depressive
symptoms with chronic administration (Russo et al., 2013). Interestingly, delivering an AMPAR agonist before ketamine enhanced the
antidepressant eﬀects of ketamine compared to an AMPAR antagonist,
supporting an integral role for AMPAR in ketamine’s antidepressant
eﬀects (Zhou et al., 2014). Together these data suggest that AMPAR
activation, mTOR, and BDNF may create a positive feedback loop in
discrete brain regions, which contributes to various mood disorders and
possibly persistent pain signaling (Ignacio et al., 2016; Yang et al.,
2013; Zhou et al., 2014).
Alzheimer’s disease
Dementia represents the most prevalent form of neurodegeneration
(Alzheimer's, 2016; Hirtz et al., 2007; Wong et al., 2016) with Alzheimer’s disease (AD) accounting for approximately 60% of all dementia
cases (Lobo et al., 2000). The pathological hallmarks of AD include
amyloid plaques derived from Aβ accumulation, neuroﬁbrillary tangles
derived from tau hyperphosphorylation and synapse loss, which are
altogether associated with concurrent memory impairment (Masters
et al., 2015). These cognitive dysfunctions are correlated with notable
degeneration in the transentorhinal cortex and hippocampus (Nelson
et al., 2009).
The mTOR signaling pathway has been heavily implicated in AD. It
was found to be involved in both Aβ and tau pathologies through increased activity in mostly memory-related brain regions (Galvan and
Hart, 2016). A number of reports indicate that mTOR phosphorylation
at Ser2481 and Ser2488 was increased in homogenate of medial temporal

Parkinson’s disease
Parkinson’s disease (PD) represents the second most common neurodegenerative disorder characterized by classical parkinsonian motor
symptoms that include muscular rigidity, bradykinesia, rest tremor, and
postural instability (Kalia and Lang, 2015). PD pathology is marked by
progressive loss of dopaminergic neurons in the substantia nigra pars
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Summary of mTOR and pain implications in various neurological disorders.
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Potvin et al., 2009; Tassorelli et al., 2007). As part of the basal ganglia,
SNpc neurons are also known to respond to nociceptive stimuli under
normal conditions in rodents and primates (Romo and Schultz, 1989;
Tassorelli et al., 2007), and its activation can lead to hyposensitivity to
pain as demonstrated using hot plate and tail ﬂick tests (Jurna et al.,
1978; Sandberg and Segal, 1978; Tassorelli et al., 2007).

compacta (SNpc), a component of the basal ganglia complex that includes the striatum (Blandini et al., 2000; Kalia and Lang, 2015).
Several studies have observed dysregulation of mTOR in PD albeit
the directionality of change remains controversial (Lan et al., 2017).
Elevated levels of mTOR have been found in the striatum and SNpc of
PD brains (Dijkstra et al., 2015; Wills et al., 2012). Similar upregulation
of mTOR was found in ventral midbrain and dopaminergic neurons of
SNpc in engrailed 1 null mutant mice (En1+/−) where En1 is a transcription factor implicated in the survival of mesencephalic dopaminergic neurons (Nordstroma et al., 2015). Also, administration of environmental risk factors for PD, maneb and paraquat, were shown to
increase mTOR levels in the striatum of wild-type mice (Wills et al.,
2012).
In contrast to these ﬁndings, several studies have proposed that
mTOR plays a protective role in PD. For instance, mTOR activity was
found to decrease upon administration of neurotoxins that causes permanent symptoms of PD such as 6-hydroxydopamine (6-OHDA), 1methyl-4-phenyl-1,2,36-tetrahydropyridine (MPTP) and rotenone
(Chen et al., 2010; Rieker et al., 2011; Rodriguez-Blanco et al., 2012;
Selvaraj et al., 2012; Xu et al., 2014; Zhou et al., 2015). Also, upon
transduction of constitutively active and myristoylated Akt, in the dopaminergic neurons of the SNpc leads to axonal regeneration following
a neurotoxin-mediated lesion (Kim et al., 2011). In line with this, an
upstream activator of mTOR, Tnfaip8/Oxi-α, was found to protect dopamine neurons from oxidative stress-induced cell death by activating
mTOR kinase and the subsequent phosphorylation of p70 S6 kinase and
4E-BP1/2 (Choi et al., 2010). Furthermore, in humans, an upstream
inhibitor of mTORC1 called REDD1 is highly expressed in SNpc of PD
patients and is reduced upon rapamycin administration (Malagelada
et al., 2006).
In support of the human literature showing elevated levels of mTOR,
administration of rapamycin activates the translation inhibitor, 4EBP1/2, which leads to prevention of apoptosis, enhancement of autophagy and protection against α-synuclein accumulation in in vitro and
in vivo models of PD (Bockaert and Marin, 2015). Furthermore, in animal models of PD, inhibition of mTOR using rapamycin or Temsirolimus (CCI-779) were able to prevent dyskinesia triggered by longterm usage of L-DOPA, a treatment used to manage motor symptoms in
PD (Decressac and Bjorklund, 2013; Santini et al., 2009; Subramaniam
et al., 2011). L-DOPA is known to activate mTOR through Rhes, a
striatum-speciﬁc Rheb ortholog (Subramaniam et al., 2011). There are
also indications that additional compounds including a statin-derivative
(rosuvastatin), mesencephalic astrocyte-derived neurotrophic factor
and ketamine provided neuroprotective eﬀect on dopaminergic neurons
of SNpc via a reduction in mTOR (Fan et al., 2017; Kang et al., 2017;
Zhang et al., 2017).
It is estimated that 40–95% of individuals with PD also suﬀer from
persistent nociceptive or neuropathic pain that can be derived from PD
itself or from secondary disorders that are of musculoskeletal or visceral
origin (Avenali et al., 2017; Broen et al., 2012; Buhmann et al., 2017;
Chaudhuri et al., 2006). Speciﬁcally, the majority of PD patients suﬀer
from back or joint pain (Avenali et al., 2017). Also, pain hypersensitivity and lower pain thresholds in response to electrical and heat stimuli are reported in PD (Mylius et al., 2009). These alterations in pain
sensitivity and the prevalence of pain conditions in PD can be explained
by the neurodegenerative changes in the functional connectivity between basal ganglia and pain processing regions such as thalamus,
frontal and parietal lobes, insula and hippocampus (Chudler and Dong,
1995; Pertovaara and Wei, 2008; Potvin et al., 2009; Skogar and Lokk,
2016). As dopaminergic projections from the SNpc and ventral tegmental area innervate brain regions that overlap with pain processing,
the neurodegeneration observed in PD will likely lead to changes in
motor and sensory perceptions (Braz et al., 2005; Porro et al., 1999;
Simon et al., 1979). Basal ganglia neurons are implicated in nociception
through their descending adrenal-dopaminergic and GABAergic inhibitory projections (Avenali et al., 2017; Pertovaara and Wei, 2008;

Implications for brain mechanisms of chronic pain
Chronic pain involves many, still poorly understood, pathophysiological processes in the nervous system that produce and exacerbate
suﬀering. These processes involve abnormal neural plasticity in the
spinal cord and brain, switching of neuronal phenotypes, and uninjured
nerves acquiring the function of injured ones. In comparison with the
DRG and spinal cord, the molecular changes that occur in higher brain
structures that are associated with the maintenance of pain symptoms
are less clear. In fact, most of the evidence for supraspinal neurodegeneration in chronic pain comes from human brain imaging studies.
This review has touched upon some – but by no means all – of the
neurological diseases that exhibit changes in mTOR-related brain activity (Table 1). These changes were limited to the brain regions known
to play a critical role in each respective disorder, but since pain is a
common comorbidity for these diseases, we suspect that the induction
of mTOR activity by neurodegenerative diseases in pain associated
areas might lead to aberrant plasticity that causes pain symptoms.
The involvement of mTOR in augmenting neural plasticity in the
brain following chronic pain is not known, but at least one study has
shown that hind paw injections of bee venom increased mTOR phosphorylation and enhanced LTP in the entorhinal cortex-CA1 pathway,
both of which were reversed by pre-treatment with rapamycin (Lyu
et al., 2013). While the behavioral eﬀects of these changes remain
uncertain, they suggest that altered mTOR signaling in discrete brain
regions may drive the cognitive and/or emotional aspects of pain. It has
recently been shown that following nerve injury the mTOR pathway is
enhanced in the insular cortex (IC) and direct infusion of rapamycin
into the IC reversed mechanical allodynia in rats (Kwon et al., 2017).
The IC is involved in sensory and cognitive processes and exhibits
connectivity with other regions to inﬂuence higher-level functions, such
as pain-perception and decision-making (Zhuo, 2016). In fact, the small
study by Kwon et al. (2017) may only represent the tip of the iceberg
and pain may alter mTOR signaling to change the aﬀective, motivational and sensory functions of the brain.
Concluding remarks
The dysregulation of mTOR in a wide array of neurological disorders highlights the complexity of this signaling pathway (summarized
in Table 1) and suggests that normal mTOR activity is essential for
optimal health. Given the essential role of mTOR in cell survival and
protein translation, it should probably not be considered an ideal drug
candidate. Inhibition of mTOR signaling using rapalogs, including rapamycin produces debilitating and serious side-eﬀects such as rash,
anemia, fatigue, hyperglycemia, decreased appetite, nausea, and diarrhea (Pallet and Legendre, 2013). As physiological levels of mTOR are
important for neuronal health, a homeostatic balance with regards to
mTOR activity must be maintained rather than complete inhibition or
overexpression. However, continuous eﬀorts should be made to identify
therapeutic downstream targets of this key signaling pathway that are
speciﬁc to the given disorder and/or pain condition. We currently do
not know whether modulating the mTOR pathway in the brain is sufﬁcient to reverse chronic pain-related symptoms including hypersensitivity or comorbidities including anxiety and depression. A study is
needed to evaluate the speciﬁc changes of mTOR activity in the brain as
a consequence of chronic pain, but diﬀerent types of pain – cancer,
inﬂammatory and neuropathic – should be evaluated because the role
of mTOR is likely to be diﬀerent depending on the underlying cause(s)
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of pain. A greater understanding of these signaling pathways will give
great insight into disease mechanism and possibly lead to a more reﬁned therapeutic approach.

Lancet Neurol. 5 (3), 235–245.
Chen, L., Xu, B., Liu, L., Luo, Y., Yin, J., Zhou, H., Chen, W., Shen, T., Han, X., Huang, S.,
2010. Hydrogen peroxide inhibits mTOR signaling by activation of AMPKalpha
leading to apoptosis of neuronal cells. Lab. Invest. 90 (5), 762–773.
Choi, K.C., Kim, S.H., Ha, J.Y., Kim, S.T., Son, J.H., 2010. A novel mTOR activating
protein protects dopamine neurons against oxidative stress by repressing autophagy
related cell death. J. Neurochem. 112 (2), 366–376.
Chudler, E.H., Dong, W.K., 1995. The role of the basal ganglia in nociception and pain.
Pain 60 (1), 3–38.
Cleary, C., Linde, J.A., Hiscock, K.M., Hadas, I., Belmaker, R.H., Agam, G., FlaisherGrinberg, S., Einat, H., 2008. Antidepressive-like eﬀects of rapamycin in animal
models: implications for mTOR inhibition as a new target for treatment of aﬀective
disorders. Brain Res. Bull. 76 (5), 469–473.
Cole, L.J., Farrell, M.J., Duﬀ, E.P., Barber, J.B., Egan, G.F., Gibson, S.J., 2006. Pain
sensitivity and fMRI pain-related brain activity in Alzheimer's disease. Brain 129 (Pt
11), 2957–2965.
Cole, L.J., Gavrilescu, M., Johnston, L.A., Gibson, S.J., Farrell, M.J., Egan, G.F., 2011. The
impact of Alzheimer's disease on the functional connectivity between brain regions
underlying pain perception. Eur. J. Pain 15 (6) 568 e561-511.
Corbett, A., Husebo, B.S., Achterberg, W.P., Aarsland, D., Erdal, A., Flo, E., 2014. The
importance of pain management in older people with dementia. Br. Med. Bull. 111
(1), 139–148.
Cornett, C.R., Markesbery, W.R., Ehmann, W.D., 1998. Imbalances of trace elements related to oxidative damage in Alzheimer's disease brain. Neurotoxicology 19 (3),
339–345.
Costa-Mattioli, M., Sossin, W.S., Klann, E., Sonenberg, N., 2009. Translational control of
long-lasting synaptic plasticity and memory. Neuron 61 (1), 10–26.
Coull, J.A., Beggs, S., Boudreau, D., Boivin, D., Tsuda, M., Inoue, K., Gravel, C., Salter,
M.W., De Koninck, Y., 2005. BDNF from microglia causes the shift in neuronal anion
gradient underlying neuropathic pain. Nature 438 (7070), 1017–1021.
Danscher, G., Jensen, K.B., Frederickson, C.J., Kemp, K., Andreasen, A., Juhl, S.,
Stoltenberg, M., Ravid, R., 1997. Increased amount of zinc in the hippocampus and
amygdala of Alzheimer's diseased brains: a proton-induced X-ray emission spectroscopic analysis of cryostat sections from autopsy material. J. Neurosci. Methods 76
(1), 53–59.
Decressac, M., Bjorklund, A., 2013. mTOR inhibition alleviates L-DOPA-induced dyskinesia in parkinsonian rats. J. Parkinsons Dis. 3 (1), 13–17.
Defrin, R., Amanzio, M., de Tommaso, M., Dimova, V., Filipovic, S., Finn, D.P., GimenezLlort, L., Invitto, S., Jensen-Dahm, C., Lautenbacher, S., Oosterman, J.M., Petrini, L.,
Pick, C.G., Pickering, G., Vase, L., Kunz, M., 2015. Experimental pain processing in
individuals with cognitive impairment: current state of the science. Pain 156 (8),
1396–1408.
Deibel, M.A., Ehmann, W.D., Markesbery, W.R., 1996. Copper, iron, and zinc imbalances
in severely degenerated brain regions in Alzheimer's disease: possible relation to
oxidative stress. J. Neurol. Sci. 143 (1–2), 137–142.
Dello Russo, C., Lisi, L., Feinstein, D.L., Navarra, P., 2013. mTOR kinase, a key player in
the regulation of glial functions: relevance for the therapy of multiple sclerosis. Glia
61 (3), 301–311.
Di Domenico, F., Tramutola, A., Foppoli, C., Head, E., Perluigi, M., Butterﬁeld, D.A.,
2018. mTOR in Down syndrome: role in Ass and tau neuropathology and transition to
Alzheimer disease-like dementia. Free Radic. Biol. Med. 114, 94–101.
Dijkstra, A.A., Ingrassia, A., de Menezes, R.X., van Kesteren, R.E., Rozemuller, A.J.,
Heutink, P., van de Berg, W.D., 2015. Evidence for immune response, axonal dysfunction and reduced endocytosis in the substantia nigra in early stage Parkinson's
disease. PLoS One 10 (6), e0128651.
Eto, K., Kim, S.K., Takeda, I., Nabekura, J., 2018. The roles of cortical astrocytes in
chronic pain and other brain pathologies. Neurosci. Res. 126, 3–8.
Fan, J.C., Song, J.J., Wang, Y., Chen, Y., Hong, D.X., 2017. Neuron-protective eﬀect of
subanesthestic-dosage ketamine on mice of Parkinson's disease. Asian Pac. J. Trop.
Med. 10 (10), 1007–1010.
Fernandez-Moya, S.M., Bauer, K.E., Kiebler, M.A., 2014. Meet the players: local translation at the synapse. Front. Mol. Neurosci. 7, 84.
Ferrini, F., De Koninck, Y., 2013. Microglia control neuronal network excitability via
BDNF signalling. Neural Plast. 2013, 429815.
Gagliese, L., 2009. Pain and aging: the emergence of a new subﬁeld of pain research. J.
Pain 10 (4), 343–353.
Galvan, V., Hart, M.J., 2016. Vascular mTOR-dependent mechanisms linking the control
of aging to Alzheimer's disease. BBA 1862 (5), 992–1007.
Geranton, S.M., Jimenez-Diaz, L., Torsney, C., Tochiki, K.K., Stuart, S.A., Leith, J.L.,
Lumb, B.M., Hunt, S.P., 2009. A rapamycin-sensitive signaling pathway is essential
for the full expression of persistent pain states. J. Neurosci. Oﬀ. J. Soc. Neurosc. 29
(47), 15017–15027.
Giacoppo, S., Pollastro, F., Grassi, G., Bramanti, P., Mazzon, E., 2017. Target regulation of
PI3K/Akt/mTOR pathway by cannabidiol in treatment of experimental multiple
sclerosis. Fitoterapia 116, 77–84.
Griﬃn, R.J., Moloney, A., Kelliher, M., Johnston, J.A., Ravid, R., Dockery, P., O'Connor,
R., O'Neill, C., 2005. Activation of Akt/PKB, increased phosphorylation of Akt substrates and loss and altered distribution of Akt and PTEN are features of Alzheimer's
disease pathology. J. Neurochem. 93 (1), 105–117.
Hadjistavropoulos, T., LaChapelle, D.L., MacLeod, F.K., Snider, B., Craig, K.D., 2000.
Measuring movement-exacerbated pain in cognitively impaired frail elders. Clin. J.
Pain 16 (1), 54–63.
Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon, N.L.,
Wilkinson, J.E., Frenkel, K., Carter, C.S., Pahor, M., Javors, M.A., Fernandez, E.,
Miller, R.A., 2009. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice. Nature 460 (7253), 392–395.

Conﬂict of interest
The authors declare that they have no conﬂicts of interest.
References
Abdulla, A., Adams, N., Bone, M., Elliott, A., Gaﬃn, J., Jones, D., Knaggs, R., Martin, D.,
Sampson, L., Schoﬁeld, P., 2013. Evidence-based clinical practice guidelines on the
management of pain in older people: executive summary. Br. J. Pain 7 (3), 152–154.
Abelaira, H.M., Reus, G.Z., Neotti, M.V., Quevedo, J., 2014. The role of mTOR in depression and antidepressant responses. Life Sci. 101 (1–2), 10–14.
Aleksandrova, L.R., Phillips, A.G., Wang, Y.T., 2017. Antidepressant eﬀects of ketamine
and the roles of AMPA glutamate receptors and other mechanisms beyond NMDA
receptor antagonism. J. Psychiatry Neurosci. 42 (4), 222–229.
Alzheimer's, A., 2016. 2016 Alzheimer's disease facts and ﬁgures. Alzheimers Dement 12
(4), 459–509.
An, W.L., Cowburn, R.F., Li, L., Braak, H., Alafuzoﬀ, I., Iqbal, K., Iqbal, I.G., Winblad, B.,
Pei, J.J., 2003. Up-regulation of phosphorylated/activated p70 S6 kinase and its
relationship to neuroﬁbrillary pathology in Alzheimer's disease. Am. J. Pathol. 163
(2), 591–607.
Arima, Y., Kamimura, D., Atsumi, T., Harada, M., Kawamoto, T., Nishikawa, N., Stofkova,
A., Ohki, T., Higuchi, K., Morimoto, Y., Wieghofer, P., Okada, Y., Mori, Y., Sakoda, S.,
Saika, S., Yoshioka, Y., Komuro, I., Yamashita, T., Hirano, T., Prinz, M., Murakami,
M., 2015. A pain-mediated neural signal induces relapse in murine autoimmune
encephalomyelitis, a multiple sclerosis model. Elife 4.
Asante, C.O., Wallace, V.C., Dickenson, A.H., 2009. Formalin-induced behavioural hypersensitivity and neuronal hyperexcitability are mediated by rapid protein synthesis
at the spinal level. Mol. Pain 5, 27.
Asante, C.O., Wallace, V.C., Dickenson, A.H., 2010. Mammalian target of rapamycin
signaling in the spinal cord is required for neuronal plasticity and behavioral hypersensitivity associated with neuropathy in the rat. J. Pain 11 (12), 1356–1367.
Avenali, M., Tassorelli, C., De Icco, R., Perrotta, A., Serrao, M., Fresia, M., Pacchetti, C.,
Sandrini, G., 2017. Pain processing in atypical Parkinsonisms and Parkinson disease:
a comparative neurophysiological study. Clin. Neurophysiol. 128 (10), 1978–1984.
Aylett, C.H., Sauer, E., Imseng, S., Boehringer, D., Hall, M.N., Ban, N., Maier, T., 2016.
Architecture of human mTOR complex 1. Science 351 (6268), 48–52.
Banko, J.L., Poulin, F., Hou, L., DeMaria, C.T., Sonenberg, N., Klann, E., 2005. The
translation repressor 4E-BP2 is critical for eIF4F complex formation, synaptic plasticity, and memory in the hippocampus. J. Neurosci. 25 (42), 9581–9590.
Barthas, F., Humo, M., Gilsbach, R., Waltisperger, E., Karatas, M., Leman, S., Hein, L.,
Belzung, C., Boutillier, A.L., Barrot, M., Yalcin, I., 2017. Cingulate overexpression of
mitogen-activated protein kinase phosphatase-1 as a key factor for depression. Biol.
Psychiatry 82 (5), 370–379.
Beggs, S., Trang, T., Salter, M.W., 2012. P2X4R+ microglia drive neuropathic pain. Nat.
Neurosci. 15 (8), 1068–1073.
Blandini, F., Nappi, G., Tassorelli, C., Martignoni, E., 2000. Functional changes of the
basal ganglia circuitry in Parkinson's disease. Prog. Neurobiol. 62 (1), 63–88.
Bockaert, J., Marin, P., 2015. mTOR in Brain Physiology and Pathologies. Physiol. Rev. 95
(4), 1157–1187.
Boer, K., Troost, D., Jansen, F., Nellist, M., van den Ouweland, A.M., Geurts, J.J., Spliet,
W.G., Crino, P., Aronica, E., 2008. Clinicopathological and immunohistochemical
ﬁndings in an autopsy case of tuberous sclerosis complex. Neuropathology 28 (6),
577–590.
Braz, J.M., Nassar, M.A., Wood, J.N., Basbaum, A.I., 2005. Parallel “pain” pathways arise
from subpopulations of primary aﬀerent nociceptor. Neuron 47 (6), 787–793.
Broen, M.P., Braaksma, M.M., Patijn, J., Weber, W.E., 2012. Prevalence of pain in
Parkinson's disease: a systematic review using the modiﬁed QUADAS tool. Mov.
Disord. 27 (4), 480–484.
Buhmann, C., Wrobel, N., Grashorn, W., Fruendt, O., Wesemann, K., Diedrich, S., Bingel,
U., 2017. Pain in Parkinson disease: a cross-sectional survey of its prevalence, speciﬁcs, and therapy. J. Neurol. 264 (4), 758–769.
Bushnell, M.C., Ceko, M., Low, L.A., 2013. Cognitive and emotional control of pain and its
disruption in chronic pain. Nat. Rev. Neurosci. 14 (7), 502–511.
Caccamo, A., Majumder, S., Richardson, A., Strong, R., Oddo, S., 2010. Molecular interplay between mammalian target of rapamycin (mTOR), amyloid-beta, and Tau:
eﬀects on cognitive impairments. J. Biol. Chem. 285 (17), 13107–13120.
Caccamo, A., Maldonado, M.A., Majumder, S., Medina, D.X., Holbein, W., Magri, A.,
Oddo, S., 2011. Naturally secreted amyloid-beta increases mammalian target of rapamycin (mTOR) activity via a PRAS40-mediated mechanism. J. Biol. Chem. 286
(11), 8924–8932.
Caccamo, A., De Pinto, V., Messina, A., Branca, C., Oddo, S., 2014. Genetic reduction of
mammalian target of rapamycin ameliorates Alzheimer's disease-like cognitive and
pathological deﬁcits by restoring hippocampal gene expression signature. J.
Neurosci. 34 (23), 7988–7998.
Chang, R.C., Wong, A.K., Ng, H.K., Hugon, J., 2002. Phosphorylation of eukaryotic initiation factor-2alpha (eIF2alpha) is associated with neuronal degeneration in
Alzheimer's disease. Neuroreport 13 (18), 2429–2432.
Chaudhuri, K.R., Healy, D.G., Schapira, A.H., National Institute for Clinical Excellence,
2006. Non-motor symptoms of Parkinson's disease: diagnosis and management.

32

Neurobiology of Pain 4 (2018) 27–34

C. Cho et al.

hippocampal pathways. Mol. Pain 9, 64.
Ma, T., Hoeﬀer, C.A., Capetillo-Zarate, E., Yu, F., Wong, H., Lin, M.T., Tampellini, D.,
Klann, E., Blitzer, R.D., Gouras, G.K., 2010. Dysregulation of the mTOR pathway
mediates impairment of synaptic plasticity in a mouse model of Alzheimer's disease.
PLoS One 5 (9).
Malagelada, C., Ryu, E.J., Biswas, S.C., Jackson-Lewis, V., Greene, L.A., 2006. RTP801 is
elevated in Parkinson brain substantia nigral neurons and mediates death in cellular
models of Parkinson's disease by a mechanism involving mammalian target of rapamycin inactivation. J. Neurosci. 26 (39), 9996–10005.
Malﬂiet, A., Coppieters, I., Van Wilgen, P., Kregel, J., De Pauw, R., Dolphens, M.,
Ickmans, K., 2017. Brain changes associated with cognitive and emotional factors in
chronic pain: a systematic review. Eur. J. Pain 21 (5), 769–786.
Mallucci, G., Peruzzotti-Jametti, L., Bernstock, J.D., Pluchino, S., 2015. The role of immune cells, glia and neurons in white and gray matter pathology in multiple sclerosis.
Prog. Neurobiol. 127–128, 1–22.
Masters, C.L., Bateman, R., Blennow, K., Rowe, C.C., Sperling, R.A., Cummings, J.L.,
2015. Alzheimer's disease. Nat. Rev. Dis. Primers 1, 15056.
Melemedjian, O.K., Asiedu, M.N., Tillu, D.V., Sanoja, R., Yan, J., Lark, A., Khoutorsky, A.,
Johnson, J., Peebles, K.A., Lepow, T., Sonenberg, N., Dussor, G., Price, T.J., 2011.
Targeting adenosine monophosphate-activated protein kinase (AMPK) in preclinical
models reveals a potential mechanism for the treatment of neuropathic pain. Mol.
Pain 7, 70.
Mylius, V., Engau, I., Teepker, M., Stiasny-Kolster, K., Schepelmann, K., Oertel, W.H.,
Lautenbacher, S., Moller, J.C., 2009. Pain sensitivity and descending inhibition of
pain in Parkinson's disease. J. Neurol. Neurosurg. Psychiatry 80 (1), 24–28.
Nelson, P.T., Braak, H., Markesbery, W.R., 2009. Neuropathology and cognitive impairment in Alzheimer disease: a complex but coherent relationship. J. Neuropathol. Exp.
Neurol. 68 (1), 1–14.
Nick, S.T., Roberts, C., Billiodeaux, S., Davis, D.E., Zamanifekri, B., Sahraian, M.A.,
Alekseeva, N., Munjampalli, S., Roberts, J., Minagar, A., 2012. Multiple sclerosis and
pain. Neurol. Res. 34 (9), 829–841.
Nordstroma, U., Beauvais, G., Ghosh, A., Pulikkaparambil Sasidharan, B.C., Lundblad, M.,
Fuchs, J., Joshi, R.L., Lipton, J.W., Roholt, A., Medicetty, S., Feinstein, T.N., Steiner,
J.A., Escobar Galvis, M.L., Prochiantz, A., Brundin, P., 2015. Progressive nigrostriatal
terminal dysfunction and degeneration in the engrailed1 heterozygous mouse model
of Parkinson's disease. Neurobiol. Dis. 73, 70–82.
Obara, I., Tochiki, K.K., Geranton, S.M., Carr, F.B., Lumb, B.M., Liu, Q., Hunt, S.P., 2011.
Systemic inhibition of the mammalian target of rapamycin (mTOR) pathway reduces
neuropathic pain in mice. Pain 152 (11), 2582–2595.
O'Connor, A.B., Schwid, S.R., Herrmann, D.N., Markman, J.D., Dworkin, R.H., 2008. Pain
associated with multiple sclerosis: systematic review and proposed classiﬁcation.
Pain 137 (1), 96–111.
Oddo, S., 2012. The role of mTOR signaling in Alzheimer disease. Front. Biosci. (Schol.
Ed.) 4, 941–952.
Onuki, R., Bando, Y., Suyama, E., Katayama, T., Kawasaki, H., Baba, T., Tohyama, M.,
Taira, K., 2004. An RNA-dependent protein kinase is involved in tunicamycin-induced apoptosis and Alzheimer's disease. EMBO J. 23 (4), 959–968.
Pallet, N., Legendre, C., 2013. Adverse events associated with mTOR inhibitors. Expert
Opin. Drug Saf. 12 (2), 177–186.
Peel, A.L., Bredesen, D.E., 2003. Activation of the cell stress kinase PKR in Alzheimer's
disease and human amyloid precursor protein transgenic mice. Neurobiol. Dis. 14 (1),
52–62.
Pei, J.J., Bjorkdahl, C., Zhang, H., Zhou, X., Winblad, B., 2008. p70 S6 kinase and tau in
Alzheimer's disease. J. Alzheimers Dis. 14 (4), 385–392.
Pei, J.J., Hugon, J., 2008. mTOR-dependent signalling in Alzheimer's disease. J. Cell Mol.
Med. 12 (6B), 2525–2532.
Pertovaara, A., Wei, H., 2008. Dual inﬂuence of the striatum on neuropathic hypersensitivity. Pain 137 (1), 50–59.
Porro, C.A., Cavazzuti, M., Baraldi, P., Giuliani, D., Panerai, A.E., Corazza, R., 1999. CNS
pattern of metabolic activity during tonic pain: evidence for modulation by betaendorphin. Eur. J. Neurosci. 11 (3), 874–888.
Potvin, S., Grignon, S., Marchand, S., 2009. Human evidence of a supra-spinal modulating
role of dopamine on pain perception. Synapse 63 (5), 390–402.
Price, T.J., Rashid, M.H., Millecamps, M., Sanoja, R., Entrena, J.M., Cervero, F., 2007.
Decreased nociceptive sensitization in mice lacking the fragile X mental retardation
protein: role of mGluR1/5 and mTOR. J. Neurosci. 27 (51), 13958–13967.
Rieker, C., Engblom, D., Kreiner, G., Domanskyi, A., Schober, A., Stotz, S., Neumann, M.,
Yuan, X., Grummt, I., Schutz, G., Parlato, R., 2011. Nucleolar disruption in dopaminergic neurons leads to oxidative damage and parkinsonism through repression of
mammalian target of rapamycin signaling. J. Neurosci. 31 (2), 453–460.
Rodriguez-Blanco, J., Martin, V., Garcia-Santos, G., Herrera, F., Casado-Zapico, S.,
Antolin, I., Rodriguez, C., 2012. Cooperative action of JNK and AKT/mTOR in 1methyl-4-phenylpyridinium-induced autophagy of neuronal PC12 cells. J. Neurosci.
Res. 90 (9), 1850–1860.
Romo, R., Schultz, W., 1989. Somatosensory input to dopamine neurones of the monkey
midbrain: responses to pain pinch under anaesthesia and to active touch in behavioural context. Prog. Brain Res. 80, 473–478 discussion 465–476.
Russo, E., Citraro, R., Donato, G., Camastra, C., Iuliano, R., Cuzzocrea, S., Constanti, A.,
De Sarro, G., 2013. mTOR inhibition modulates epileptogenesis, seizures and depressive behavior in a genetic rat model of absence epilepsy. Neuropharmacology 69,
25–36.
Russo, C.D., Navarra, P., Lisi, L., 2016. mTOR in Multiple Sclerosis, Molecules to Medicine
with mTOR. pp. 331–343.
Sandberg, D.E., Segal, M., 1978. Pharmacological analysis of analgesia and self-stimulation elicited by electrical stimulation of catecholamine nuclei in the rat brain. Brain
Res. 152 (3), 529–542.

Hashmi, J.A., Baliki, M.N., Huang, L., Baria, A.T., Torbey, S., Hermann, K.M., Schnitzer,
T.J., Apkarian, A.V., 2013. Shape shifting pain: chroniﬁcation of back pain shifts
brain representation from nociceptive to emotional circuits. Brain 136 (Pt 9),
2751–2768.
Hay, N., Sonenberg, N., 2004. Upstream and downstream of mTOR. Genes Dev. 18 (16),
1926–1945.
Hirtz, D., Thurman, D.J., Gwinn-Hardy, K., Mohamed, M., Chaudhuri, A.R., Zalutsky, R.,
2007. How common are the “common” neurologic disorders? Neurology 68 (5),
326–337.
Holubova, K., Kleteckova, L., Skurlova, M., Ricny, J., Stuchlik, A., Vales, K., 2016.
Rapamycin blocks the antidepressant eﬀect of ketamine in task-dependent manner.
Psychopharmacology 233 (11), 2077–2097.
Hou, H., Miao, J., Cao, R., Han, M., Sun, Y., Liu, X., Guo, L., 2017. Rapamycin Ameliorates
Experimental Autoimmune Encephalomyelitis by Suppressing the mTOR-STAT3
Pathway. Neurochem. Res. 42 (10), 2831–2840.
Hu, N.W., Zhang, H.M., Hu, X.D., Li, M.T., Zhang, T., Zhou, L.J., Liu, X.G., 2003. Protein
synthesis inhibition blocks the late-phase LTP of C-ﬁber evoked ﬁeld potentials in rat
spinal dorsal horn. J. Neurophysiol. 89 (5), 2354–2359.
Huseby, E.S., Huseby, P.G., Shah, S., Smith, R., Stadinski, B.D., 2012. Pathogenic CD8 T
cells in multiple sclerosis and its experimental models. Front. Immunol. 3, 64.
Ignacio, Z.M., Reus, G.Z., Arent, C.O., Abelaira, H.M., Pitcher, M.R., Quevedo, J., 2016.
New perspectives on the involvement of mTOR in depression as well as in the action
of antidepressant drugs. Br. J. Clin. Pharmacol. 82 (5), 1280–1290.
Ishikawa, T., Yasuda, S., Minoda, S., Ibuki, T., Fukuhara, K., Iwanaga, Y., Ariyoshi, T.,
Sasaki, H., 2015. Neurotropin((R)) ameliorates chronic pain via induction of brainderived neurotrophic factor. Cell. Mol. Neurobiol. 35 (2), 231–241.
Iyer, A.M., van Scheppingen, J., Milenkovic, I., Anink, J.J., Adle-Biassette, H., Kovacs,
G.G., Aronica, E., 2014. mTOR Hyperactivation in down syndrome hippocampus
appears early during development. J. Neuropathol. Exp. Neurol. 73 (7), 671–683.
Jurna, I., Heinz, G., Blinn, G., Nell, T., 1978. The eﬀect of substantia negra stimulation
and morphine on alpha-motoneurones and the tail-ﬂick response. Eur. J. Pharmacol.
51 (3), 239–250.
Kalia, L.V., Lang, A.E., 2015. Parkinson's disease. Lancet 386 (9996), 896–912.
Kang, S.Y., Lee, S.B., Kim, H.J., Kim, H.T., Yang, H.O., Jang, W., 2017. Autophagic
modulation by rosuvastatin prevents rotenone-induced neurotoxicity in an in vitro
model of Parkinson's disease. Neurosci. Lett. 642, 20–26.
Kim, S.R., Chen, X., Oo, T.F., Kareva, T., Yarygina, O., Wang, C., During, M., Kholodilov,
N., Burke, R.E., 2011. Dopaminergic pathway reconstruction by Akt/Rheb-induced
axon regeneration. Ann. Neurol. 70 (1), 110–120.
Kunz, M., Scharmann, S., Hemmeter, U., Schepelmann, K., Lautenbacher, S., 2007. The
facial expression of pain in patients with dementia. Pain 133 (1–3), 221–228.
Kwon, M., Han, J., Kim, U.J., Cha, M., Um, S.W., Bai, S.J., Hong, S.K., Lee, B.H., 2017.
Inhibition of mammalian target of rapamycin (mTOR) signaling in the insular cortex
alleviates neuropathic pain after peripheral nerve injury. Front. Mol. Neurosci.
10, 79.
Lan, A.P., Chen, J., Zhao, Y., Chai, Z., Hu, Y., 2017. mTOR Signaling in Parkinson's
Disease. Neuromol. Med. 19 (1), 1–10.
Laplante, M., Sabatini, D.M., 2012. mTOR signaling in growth control and disease. Cell
149 (2), 274–293.
Lee, U., Kim, M., Lee, K., Kaplan, C.M., Clauw, D.J., Kim, S., Mashour, G.A., Harris, R.E.,
2018. Functional brain network mechanism of hypersensitivity in chronic pain. Sci.
Rep. 8 (1), 243.
Li, X., Alafuzoﬀ, I., Soininen, H., Winblad, B., Pei, J.J., 2005. Levels of mTOR and its
downstream targets 4E-BP1, eEF2, and eEF2 kinase in relationships with tau in
Alzheimer's disease brain. FEBS J. 272 (16), 4211–4220.
Li, N., Lee, B., Liu, R.J., Banasr, M., Dwyer, J.M., Iwata, M., Li, X.Y., Aghajanian, G.,
Duman, R.S., 2010. mTOR-dependent synapse formation underlies the rapid antidepressant eﬀects of NMDA antagonists. Science 329 (5994), 959–964.
Liang, L., Tao, B., Fan, L., Yaster, M., Zhang, Y., Tao, Y.X., 2013. mTOR and its downstream pathway are activated in the dorsal root ganglion and spinal cord after peripheral inﬂammation, but not after nerve injury. Brain Res. 1513, 17–25.
Lin, A.L., Zheng, W., Halloran, J.J., Burbank, R.R., Hussong, S.A., Hart, M.J., Javors, M.,
Shih, Y.Y., Muir, E., Solano Fonseca, R., Strong, R., Richardson, A.G., Lechleiter, J.D.,
Fox, P.T., Galvan, V., 2013. Chronic rapamycin restores brain vascular integrity and
function through NO synthase activation and improves memory in symptomatic mice
modeling Alzheimer's disease. J. Cereb. Blood Flow Metab. 33 (9), 1412–1421.
Linden, D.J., 1996. A protein synthesis-dependent late phase of cerebellar long-term
depression. Neuron 17 (3), 483–490.
Lints-Martindale, A.C., Hadjistavropoulos, T., Barber, B., Gibson, S.J., 2007. A psychophysical investigation of the facial action coding system as an index of pain variability among older adults with and without Alzheimer's disease. Pain Med. 8 (8),
678–689.
Lisi, L., Navarra, P., Cirocchi, R., Sharp, A., Stigliano, E., Feinstein, D.L., Dello Russo, C.,
2012. Rapamycin reduces clinical signs and neuropathic pain in a chronic model of
experimental autoimmune encephalomyelitis. J. Neuroimmunol. 243 (1–2), 43–51.
Lobo, A., Launer, L.J., Fratiglioni, L., Andersen, K., Di Carlo, A., Breteler, M.M., Copeland,
J.R., Dartigues, J.F., Jagger, C., Martinez-Lage, J., Soininen, H., Hofman, A., 2000.
Prevalence of dementia and major subtypes in Europe: a collaborative study of population-based cohorts. Neurologic Diseases in the Elderly Research Group.
Neurology 54 (11 Suppl. 5), S4–S9.
Lucas, L.K., Lipman, A.G., 2002. Recent advances in pharmacotherapy for cancer pain
management. Cancer Pract. 10 (Suppl. 1), S14–S20.
Lutz, B.M., Nia, S., Xiong, M., Tao, Y.X., Bekker, A., 2015. mTOR, a new potential target
for chronic pain and opioid-induced tolerance and hyperalgesia. Mol. Pain 11, 32.
Lyu, D., Yu, W., Tang, N., Wang, R., Zhao, Z., Xie, F., He, Y., Du, H., Chen, J., 2013. The
mTOR signaling pathway regulates pain-related synaptic plasticity in rat entorhinal-

33

Neurobiology of Pain 4 (2018) 27–34

C. Cho et al.

CNS myelination. J. Neurosci. 34 (13), 4453–4465.
Walker, A.K., Kavelaars, A., Heijnen, C.J., Dantzer, R., 2014. Neuroinﬂammation and
comorbidity of pain and depression. Pharmacol. Rev. 66 (1), 80–101.
Wang, X., Li, X., Huang, B., Ma, S., 2016. Blocking mammalian target of rapamycin
(mTOR) improves neuropathic pain evoked by spinal cord injury. Transl. Neurosci. 7
(1), 50–55.
Wang, X., Proud, C.G., 2006. The mTOR pathway in the control of protein synthesis.
Physiology (Bethesda) 21, 362–369.
Whitlock, E.L., Diaz-Ramirez, L.G., Glymour, M.M., Boscardin, W.J., Covinsky, K.E.,
Smith, A.K., 2017. Association between persistent pain and memory decline and
dementia in a longitudinal cohort of elders. JAMA Int. Med. 177 (8), 1146–1153.
Wilkinson, J.E., Burmeister, L., Brooks, S.V., Chan, C.C., Friedline, S., Harrison, D.E.,
Hejtmancik, J.F., Nadon, N., Strong, R., Wood, L.K., Woodward, M.A., Miller, R.A.,
2012. Rapamycin slows aging in mice. Aging Cell 11 (4), 675–682.
Wills, J., Credle, J., Oaks, A.W., Duka, V., Lee, J.H., Jones, J., Sidhu, A., 2012. Paraquat,
but not maneb, induces synucleinopathy and tauopathy in striata of mice through
inhibition of proteasomal and autophagic pathways. PLoS One 7 (1), e30745.
Wong, S.L., Gilmour, H., Ramage-Morin, P.L., 2016. Alzheimer’s disease and other dementias in Canada. Health Rep. 27 (5), 11–16.
Woolf, C.J., Salter, M.W., 2000. Neuronal plasticity: increasing the gain in pain. Science
288 (5472), 1765–1769.
Wynne, C.F., Ling, S.M., Remsburg, R., 2000. Comparison of pain assessment instruments
in cognitively intact and cognitively impaired nursing home residents. Geriatr. Nurs.
21 (1), 20–23.
Xie, S., Chen, M., Yan, B., He, X., Chen, X., Li, D., 2014. Identiﬁcation of a role for the
PI3K/AKT/mTOR signaling pathway in innate immune cells. PLoS One 9 (4), e94496.
Xie, Z.M., Wang, X.M., Xu, N., Wang, J., Pan, W., Tang, X.H., Zhou, Z.Q., Hashimoto, K.,
Yang, J.J., 2017. Alterations in the inﬂammatory cytokines and brain-derived neurotrophic factor contribute to depression-like phenotype after spared nerve injury:
improvement by ketamine. Sci. Rep. 7 (1), 3124.
Xu, Q., Fitzsimmons, B., Steinauer, J., O'Neill, A., Newton, A.C., Hua, X.Y., Yaksh, T.L.,
2011. Spinal phosphinositide 3-kinase-Akt-mammalian target of rapamycin signaling
cascades in inﬂammation-induced hyperalgesia. J. Neurosci. 31 (6), 2113–2124.
Xu, Y., Liu, C., Chen, S., Ye, Y., Guo, M., Ren, Q., Liu, L., Zhang, H., Xu, C., Zhou, Q.,
Huang, S., Chen, L., 2014. Activation of AMPK and inactivation of Akt result in
suppression of mTOR-mediated S6K1 and 4E-BP1 pathways leading to neuronal cell
death in in vitro models of Parkinson's disease. Cell. Signal. 26 (8), 1680–1689.
Xu, J.T., Zhao, X., Yaster, M., Tao, Y.X., 2010. Expression and distribution of mTOR,
p70S6K, 4E-BP1, and their phosphorylated counterparts in rat dorsal root ganglion
and spinal cord dorsal horn. Brain Res. 1336, 46–57.
Yang, C., Hu, Y.M., Zhou, Z.Q., Zhang, G.F., Yang, J.J., 2013. Acute administration of
ketamine in rats increases hippocampal BDNF and mTOR levels during forced
swimming test. Ups. J. Med. Sci. 118 (1), 3–8.
Yu, H., Chen, Z.Y., 2011. The role of BDNF in depression on the basis of its location in the
neural circuitry. Acta Pharmacol. Sin. 32 (1), 3–11.
Zarow, C., Lyness, S.A., Mortimer, J.A., Chui, H.C., 2003. Neuronal loss is greater in the
locus coeruleus than nucleus basalis and substantia nigra in Alzheimer and Parkinson
diseases. Arch. Neurol. 60 (3), 337–341.
Zhang, J., Cai, Q., Jiang, M., Liu, Y., Gu, H., Guo, J., Sun, H., Fang, J., Jin, L., 2017.
Mesencephalic astrocyte-derived neurotrophic factor alleviated 6-OHDA-induced cell
damage via ROS-AMPK/mTOR mediated autophagic inhibition. Exp. Gerontol. 89,
45–56.
Zhang, W., Sun, X.F., Bo, J.H., Zhang, J., Liu, X.J., Wu, L.P., Ma, Z.L., Gu, X.P., 2013.
Activation of mTOR in the spinal cord is required for pain hypersensitivity induced by
chronic constriction injury in mice. Pharmacol. Biochem. Behav. 111, 64–70.
Zhou, Q., Liu, C., Liu, W., Zhang, H., Zhang, R., Liu, J., Zhang, J., Xu, C., Liu, L., Huang,
S., Chen, L., 2015. Rotenone induction of hydrogen peroxide inhibits mTOR-mediated
S6K1 and 4E-BP1/eIF4E pathways, leading to neuronal apoptosis. Toxicol. Sci. 143
(1), 81–96.
Zhou, W., Wang, N., Yang, C., Li, X.M., Zhou, Z.Q., Yang, J.J., 2014. Ketamine-induced
antidepressant eﬀects are associated with AMPA receptors-mediated upregulation of
mTOR and BDNF in rat hippocampus and prefrontal cortex. Eur Psychiatry 29 (7),
419–423.
Zhuo, M., 2016. Contribution of synaptic plasticity in the insular cortex to chronic pain.
Neuroscience 338, 220–229.
Zorumski, C.F., Izumi, Y., Mennerick, S., 2016. Ketamine: NMDA receptors and beyond. J.
Neurosci. 36 (44), 11158–11164.

Santini, E., Heiman, M., Greengard, P., Valjent, E., Fisone, G., 2009. Inhibition of mTOR
signaling in Parkinson's disease prevents L-DOPA-induced dyskinesia. Sci. Signal. 2
(80) ra36.
Scherder, E.J., Sergeant, J.A., Swaab, D.F., 2003. Pain processing in dementia and its
relation to neuropathology. Lancet Neurol. 2 (11), 677–686.
Selvaraj, S., Sun, Y., Watt, J.A., Wang, S., Lei, S., Birnbaumer, L., Singh, B.B., 2012.
Neurotoxin-induced ER stress in mouse dopaminergic neurons involves downregulation of TRPC1 and inhibition of AKT/mTOR signaling. J. Clin. Invest. 122 (4),
1354–1367.
Sheng, J., Liu, S., Wang, Y., Cui, R., Zhang, X., 2017. The link between depression and
chronic pain: neural mechanisms in the brain. Neural Plast. 2017, 9724371.
Shih, M.H., Kao, S.C., Wang, W., Yaster, M., Tao, Y.X., 2012. Spinal cord NMDA receptormediated activation of mammalian target of rapamycin is required for the development and maintenance of bone cancer-induced pain hypersensitivities in rats. J. Pain
13 (4), 338–349.
Siman, R., Cocca, R., Dong, Y., 2015. The mTOR inhibitor rapamycin mitigates perforant
pathway neurodegeneration and synapse loss in a mouse model of early-stage alzheimer-type tauopathy. PLoS One 10 (11), e0142340.
Simon, H., Le Moal, M., Stinus, L., Calas, A., 1979. Anatomical relationships between the
ventral mesencephalic tegmentum–a 10 region and the locus coeruleus as demonstrated by anterograde and retrograde tracing techniques. J. Neural Transm. 44
(1–2), 77–86.
Skogar, O., Lokk, J., 2016. Pain management in patients with Parkinson's disease: challenges and solutions. J. Multidiscip. Healthcare 9, 469–479.
Solaro, C., Trabucco, E., Messmer Uccelli, M., 2013. Pain and multiple sclerosis: pathophysiology and treatment. Curr. Neurol. Neurosci. Rep. 13 (1), 320.
Spilman, P., Podlutskaya, N., Hart, M.J., Debnath, J., Gorostiza, O., Bredesen, D.,
Richardson, A., Strong, R., Galvan, V., 2010. Inhibition of mTOR by rapamycin
abolishes cognitive deﬁcits and reduces amyloid-beta levels in a mouse model of
Alzheimer's disease. PLoS One 5 (4), e9979.
Stubbs, B., Thompson, T., Solmi, M., Vancampfort, D., Sergi, G., Luchini, C., Veronese, N.,
2016. Is pain sensitivity altered in people with Alzheimer's disease? A systematic
review and meta-analysis of experimental pain research. Exp. Gerontol. 82, 30–38.
Subramaniam, S., Napolitano, F., Mealer, R.G., Kim, S., Errico, F., Barrow, R., Shahani, N.,
Tyagi, R., Snyder, S.H., Usiello, A., 2011. Rhes, a striatal-enriched small G protein,
mediates mTOR signaling and L-DOPA-induced dyskinesia. Nat. Neurosci. 15 (2),
191–193.
Switon, K., Kotulska, K., Janusz-Kaminska, A., Zmorzynska, J., Jaworski, J., 2017.
Molecular neurobiology of mTOR. Neuroscience 341, 112–153.
Tang, Z., Ioja, E., Bereczki, E., Hultenby, K., Li, C., Guan, Z., Winblad, B., Pei, J.J., 2015.
mTor mediates tau localization and secretion: implication for Alzheimer's disease.
BBA 1853 (7), 1646–1657.
Tassorelli, C., Armentero, M.T., Greco, R., Fancellu, R., Sandrini, G., Nappi, G., Blandini,
F., 2007. Behavioral responses and Fos activation following painful stimuli in a rodent model of Parkinson's disease. Brain Res. 1176, 53–61.
Taylor, A.M., Castonguay, A., Taylor, A.J., Murphy, N.P., Ghogha, A., Cook, C., Xue, L.,
Olmstead, M.C., De Koninck, Y., Evans, C.J., Cahill, C.M., 2015. Microglia disrupt
mesolimbic reward circuitry in chronic pain. J. Neurosci. 35 (22), 8442–8450.
Tepper, K., Biernat, J., Kumar, S., Wegmann, S., Timm, T., Hubschmann, S., Redecke, L.,
Mandelkow, E.M., Muller, D.J., Mandelkow, E., 2014. Oligomer formation of tau
protein hyperphosphorylated in cells. J. Biol. Chem. 289 (49), 34389–34407.
Thibault, K., Calvino, B., Pezet, S., 2011. Characterisation of sensory abnormalities observed in an animal model of multiple sclerosis: a behavioural and pharmacological
study. Eur. J. Pain 15 (3) 231 e231–216.
Tramutola, A., Triplett, J.C., Di Domenico, F., Niedowicz, D.M., Murphy, M.P., Coccia, R.,
Perluigi, M., Butterﬁeld, D.A., 2015. Alteration of mTOR signaling occurs early in the
progression of Alzheimer disease (AD): analysis of brain from subjects with preclinical AD, amnestic mild cognitive impairment and late-stage AD. J. Neurochem.
133 (5), 739–749.
Truini, A., Galeotti, F., Cruccu, G., 2011. Treating pain in multiple sclerosis. Expert Opin.
Pharmacother. 12 (15), 2355–2368.
van Kooten, J., Delwel, S., Binnekade, T.T., Smalbrugge, M., van der Wouden, J.C., Perez,
R.S., Rhebergen, D., Zuurmond, W.W., Stek, M.L., Lobbezoo, F., Hertogh, C.M.,
Scherder, E.J., 2015. Pain in dementia: prevalence and associated factors: protocol of
a multidisciplinary study. BMC Geriatr. 15, 29.
Wahl, S.E., McLane, L.E., Bercury, K.K., Macklin, W.B., Wood, T.L., 2014. Mammalian
target of rapamycin promotes oligodendrocyte diﬀerentiation, initiation and extent of

34

