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Intense efforts are being undertaken to understand the pathophysiological mechanisms

triggered after brain ischemia and to develop effective pharmacological treatments.

However, the underlying molecular mechanisms are complex and not completely

understood. One of the main problems is the fact that the ischemic damage is

time-dependent and ranges from negligible to massive, involving different cell types

such as neurons, astrocytes, microglia, endothelial cells, and some blood-derived cells

(neutrophils, lymphocytes, etc.). Thus, approaching such a complicated cellular response

generates a more complex combination of molecular mechanisms, in which cell death,

cellular damage, stress and repair are intermixed. For this reason, animal and cellular

model systems are needed in order to dissect and clarify which molecular mechanisms

have to be promoted and/or blocked. Brain ischemia may be analyzed from two different

perspectives: that of oxygen deprivation (hypoxic damage per se) and that of deprivation

of glucose/serum factors. For investigations of ischemic stroke, middle cerebral artery

occlusion (MCAO) is the preferred in vivo model, and uses two different approaches:

transient (tMCAO), where reperfusion is permitted; or permanent (pMCAO). As a

complement to this model, many laboratories expose different primary cortical neuron

or neuronal cell lines to oxygen-glucose deprivation (OGD). This ex vivo model permits

the analysis of the impact of hypoxic damage and the specific response of different cell

types implicated in vivo, such as neurons, glia or endothelial cells. Using in vivo and

neuronal OGD models, it was recently established that mTORC1 (mammalian Target of

Rapamycin Complex-1), a protein complex downstream of PI3K-Akt pathway, is one of

the players deregulated after ischemia and OGD. In addition, neuroprotective intervention

either by estradiol or by specific AT2R agonists shows an important regulatory role for

the mTORC1 activity, for instance regulating vascular endothelial growth factor (VEGF)

levels. This evidence highlights the importance of understanding the role of mTORC1

in neuronal death/survival processes, as it could be a potential therapeutic target.This

review summarizes the state-of-the-art of the complex kinase mTORC1 focusing in

upstream and downstream pathways, their role in central nervous system and their

relationship with autophagy, apoptosis and neuroprotection/neurodegeneration after

ischemia/hypoxia.
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mTORC: ROLE IN ADULT CENTRAL
NERVOUS SYSTEM (CNS)

As mentioned previously, in this review we try to summarize
the state-of-the-art of the complex kinase mTORC1 in the
brain. We will present some general structural features,
and some of elements defined, so far, as belonging to this
complex.

We will recapitulate some of themost representative upstream
and downstream pathways and their role in central nervous
system. We will revise their connexion of mTORC1 with
autophagy, apoptosis and neuroprotection/neurodegeneration,
mostly focused on ischemia/hypoxia. We are aware that we can
only mention some of the published works, due to the lack of
space.

mTORC1/2 Structure and Function
Mammalian target of rapamycin (mTOR) is a protein with serine-
threonine kinase activity that is part of two different multiprotein
complexes which differ in some of their components and their
upstream and downstream signaling (Takei and Nawa, 2014;
Bockaert and Marin, 2015; Switon et al., 2017). This kinase
regulates essential aspects of cell function including growth,
differentiation, survival and energy homeostasis by harmonizing
anabolic and catabolic processes, with the aim of maintaining
cellular physiology.

Structurally, mTOR is a multi-domain protein comprised
of a C-terminal FAT domain (FATC), a C-terminal kinase
domain (KD), a rapamycin binding domain (FRB), a
transactivation/transformation-associated domain (FAT)
and an N-terminal domain which provides a site of regulatory
protein interaction (HEAT repeats) (Hwang and Kim, 2011;
Yang et al., 2013; Switon et al., 2017). This HEAT repeats domain
allows interaction between mTOR and regulatory-associated
proteins, forming two complexes known as mTORC1 and
mTORC2 which function as homodimers (Yip et al., 2010; Aylett
et al., 2016), and include common and specific proteins. The
common regulatory components of mTORC1/2 are mammalian
lethal with SEC13 protein 8 (mLST8), Tel two-interacting
protein 1 (Tti1), telomere maintenance 2 (Tel2), DEP domain-
containing mTOR-interacting protein (DEPTOR) and the kinase
mTOR (Yip et al., 2010; Switon et al., 2017). There are two
regulatory-associated proteins specific to mTORC1 [regulatory
associated protein of Tor (Raptor) and proline-rich AKT1
substrate 40 kDa (PRAS40)] whereas the characteristic proteins
of mTORC2 are rapamycin-insensitive companion of mTOR
(Rictor), mammalian stress-activated protein kinase-interacting
protein 1 (mSin1), and protein observed with Rictor (PROTOR).

Consequently, mTORC1 and mTORC2 differ not only in the
composition of their specific regulatory proteins but also in
their rapamycin sensitivity, mediated by FK506-binding protein
(FKPB12). In fact, FKPB12 is another mTOR-interacting protein
that, in presence of rapamycin, blocks the catalytic domain of
mTORC1, reducing its kinase activity. In contrast, mTORC2 does
not interact with FKBP12-rapamycin, and is thus rapamycin-
insensitive. Nevertheless, sustained treatment with rapamycin
inhibits mTORC2 activity, probably by sequestration of mTOR

protein or uncoupling of mTORC2 components such as SIN1
(Sarbassov et al., 2006; Chen and Sarbassov, 2011; Switon et al.,
2017).

The role of each regulatory protein in the activity of
mTORC1/2 is not completely understood. Studies using mLST8-
deficient mice have revealed that mLST8 is necessary to
maintain Rictor-mTOR but not Raptor-mTOR interactions,
and consequently perturbs mTORC2 but not mTORC1 activity
(Guertin et al., 2006). Tti1 and Tel2 are important components
for assembly and maintenance of mTORC1/2 activity, and
are also critical for mTOR stability (Kaizuka et al., 2010). As
DEPTOR is an endogenous inhibitor of mTOR, its abundance
modulates activity of mTORC1/2, and it is found to be
overexpressed in some cancer types (Peterson et al., 2009;
Liu et al., 2010; Catena and Fanciulli, 2017). PRAS40 is a
negative regulator of mTOR, preventing binding of mTORC1/2
to its substrate (Wang et al., 2007). Raptor is important for
mTORC1 assembly, regulates mTORC1 activity and localization,
and plays a key role in the recruitment of mTORC1 substrates,
the best-characterized of which are translational regulators
(Hara et al., 2002; Yonezawa et al., 2004; Aylett et al.,
2016). Whereas Rictor and mSin1 stabilize each other and
constitute the structural basis of mTORC2, Rictor also gives
mTORC2 substrate specificity (Dos et al., 2004). PROTOR
doesn’t affect mTORC2 assembly, but plays a role modulating
mTORC2 kinase efficiency (Pearce et al., 2007, 2011; see
Figure 1).

In addition to these regulatory proteins, mTORC1 activity
is regulated by phosphorylation of specific C-terminal Ser/Thr
residues, performed by different kinases such as: Akt, p70
ribosomal S6 kinase (p70S6K), AMP-activated protein kinase
(AMPK), and also possesses an autophosphorylation site (Chong
et al., 2013). Therefore, the activity of mTORC1 is highly
regulated indicating the importance of maintaining mTORC1
activity levels within a physiological range. Indeed, mTORC1
is considered to be a nutrient-sensitive complex that regulates
cellular growth, protein synthesis and autophagy, whereas
mTORC2 has been defined as a regulatory kinase of Akt/PKB and
thus a component of growth factor signaling, although mTORC2
has not been characterized as fully as mTORC1.

From a functional viewpoint, mTORC1 is localized at a
strategic position in signaling pathways. On one hand, its
activity is modulated upstream by several pivotal intra- and
extracellular metabolic and energetic factors including growth
factors, amino acids, cell energetic status and oxygen availability,
through different pathways (Weichhart, 2012; Dibble and
Cantley, 2015; Chen et al., 2017; Switon et al., 2017). Thus,
mTORC1 can be considered to be a molecular sensor for
essential information related to nutrient availability, growth
factors and energetic balance. Additionally, mTORC1 modulates
important cellular processes such as translation, transcription,
lipid synthesis, autophagy and the cell cycle (Pla et al., 2016;
Ben-Sahra and Manning, 2017; Hong et al., 2017; Liu et al.,
2017).

It is currently accepted that activation of the kinase activity of
mTOR increases the rate of protein synthesis by both activating
the processes of translation initiation and elongation in cells. In

Frontiers in Neuroscience | www.frontiersin.org 2 February 2018 | Volume 12 | Article 60

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Perez-Alvarez et al. Signaling in Stroke

FIGURE 1 | mTOR Functional domains and composition of mTORC1 and mTORC2. Graphical representation of the main functional domains of mTOR protein. mTOR

contains at C-terminal a FAT domain (FATC), the kinase domain (KD), a rapamycin binding domain (FRB) and a transactivation domain-associated protein domain

(FAT). The N-terminal domain is composed by a HEAT repeats site with a key role in the interaction with regulatory proteins permitting the formation of mTOR complex

(mTORC1 right and mTORC2 left). Representation of the mTORC1 and mTORC2 complex Both complex are formed, so far, by five common proteins and two/three

specific proteins. The common components of both complexes are in gray (Tti1; mLST8; Tel2; Deptor in gray). Whereas Raptor and PRAS40 are present in mTORC1

(green), and Rictor, Protor and mSin1 are part of mTORC2 (yellow).

fact, two of the best know targets of mTORC1, p70S6K and 4E-
binding proteins (4EBPs), have important roles in two phases
of the translation machinery: initiation and elongation (Chong
et al., 2013).

mTORC1/2 and CNS
Expression of mTOR in the adult brain is high, predominantly
in neurons but also in glial cells (Perluigi et al., 2015). However,
most of the knowledge regarding the neurologic role of mTORC1
comes from studies using neurons, and only limited information
related to glial cells is available. In neurons, mTORC1
activity is modulated by neuron-specific molecules including
neurotransmitters (e.g., glutamate, dopamine, serotonin, GABA,
cannabinoids), and neurotrophic factors [e.g., brain-derived
neurotrophic factor (BDNF), insulin-like growth factor 1 (IGF-
1)] (Bermudez-Silva et al., 2016; Chen et al., 2017). Some
important processes related to development and maturation of
the CNS are controlled by mTORC1 including neurogenesis,
axonogenesis, axon guidance, dendritogenesis, and growth of
dendritic spines (Jaworski and Sheng, 2006). In addition,
mTORC1 plays a key role in adult brain physiology and
pathology, influencing higher brain functions such as learning,
memory (Jaworski and Sheng, 2006), feeding behavior (review
in: Cota et al., 2006; Woods et al., 2008), synaptic plasticity
(Bockaert and Marin, 2015), cognition (Burket et al., 2014),
circadian rhythm (Jouffe et al., 2013) and sensorial perception by
modulation of sensitivity to peripheral sensory afferents (Obara
and Hunt, 2014).

Similarly, mTORC1 plays a role in gliogenesis during brain
development (Cloëtta et al., 2013), and has also been implicated
in differentiation and maturation of several glial cell types in
the adult brain, especially in oligodendrocytes and microglia

(Tyler et al., 2009). Recent data emphasizes the role of
mTORC1 in the control of lipid biosynthesis in oligodendrocytes
and Schwann cells, through sterol regulatory element-binding
proteins (SREBPs). Consequently, its contribution to correct
peripheral nerve function is related to velocity of action potential
conduction and precise brain myelination (Norrmén et al., 2014;
Zou et al., 2014). The role of mTORC1 in the balance of M1/M2
microglia phenotype has been reported (Chen et al., 2016),
and reduction of mTORC1 activity decreased pro-inflammatory
cytokines and chemokine synthesis, reducing the M1 microglia
phenotype (Li et al., 2016). Also, mTORC1 has been found to be
important for survival and size preservation of astrocytes (Pastor
et al., 2009).

Taking into account the broad cerebral functions regulated by
mTORC1 and its central position in cellular energetic/metabolic
homeostasis, dysregulation of its activity (increasing or
decreasing) would be detrimental for normal brain physiology.
Recent evidence supports that modification of mTORC1 activity
can trigger diseases of the nervous system, since disruption in
mTORC1 signaling affects multiple pathways including energy
production, mitochondrial function, cell growth, glucose/lipid
metabolism and autophagy.

Mutations in the genes encoding different molecular
components of mTORC1 or its related signaling pathways result
in diseases characterized by severe neurological symptoms
including epilepsy, tumor growth, autism and cognitive
disability. Use of transgenic animals has enabled correlation
of mTORC1 dysregulation with neurological indicators (for a
revision see Switon et al., 2017). Some human genetic disorders
have been associated with disturbed mTORC1 activity, including
Tuberous Sclerosis complex, currently considered mTORopathy.
It is a multi-system autosomal-dominant disorder characterized
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by benign tumors in some systemic organs, cortical and
cerebellar tuber, subependymal nodules, retinal hamartomas,
and hypomyelination (Carson et al., 2015; Mühlebner et al., 2016;
Hodgson et al., 2017). Clinical manifestations include epilepsy,
mental disability and autism (Zaroff et al., 2004; Mühlebner
et al., 2016). This disorder is caused by mutations in TSC1 and
TSC2 that encode Tuberous Sclerosis Complexes (Tsc1 and Tsc2)
that belong to the canonical pathway of mTORC1 activation
by trophic factors (see below), whereas these Tsc1/2 mutations
induce mTORC1 hyperactivation.

Neurofibromatosis is caused by mutations in the gene
that encodes neurofibromin, a modulator of mTORC1 activity
(Giovannini et al., 2014). It is characterized by the appearance
of tumors in the central and peripheral nervous system and
anomalies in other tissues (skin, kidney, and bone). Clinical
symptoms consist of learning disabilities, epilepsy and anxiety
among other. Analysis of human samples has demonstrated that
mTORC1 is over-activated, though administration of rapamycin
in in vitro and in vivo models reduced the severity of tumors
without toxicity (Giovannini et al., 2014).

In the adult brain, maintaining a precise balance of protein
translation and degradation (proteostasis) is fundamental
to avoid accumulation of toxic protein aggregates and
oxidized proteins that might trigger brain degeneration,
such as in Alzheimer’s disease (AD), Parkinson’s (PD), or
Huntington’s (Ht). Indeed, mTORC1 is an important player
in proteostasis, through its capacity to control translation and
autophagy.

In some neurodegenerative disorders such as AD or PD,
characterized by the anomalous accumulation of aggregated
misfolded proteins, data strongly suggests an anomalous level of
mTOR-dependent autophagy. In fact, the reduction of autophagy
with aging is a key mechanism that may contribute to the
accumulation of protein aggregates in neurons (for a review
see: Dazert and Hall, 2011; Perluigi et al., 2015). Following this
hypothesis, it has been demonstrated in some animal models of
AD orHt that administration of rapamycin promotes elimination
of toxic, misfolded proteins through induction of autophagy,
reducing disease severity (Spilman et al., 2010; Kiriyama and
Nochi, 2015; Benito-Cuesta et al., 2017).

Cerebral ischemia is an unexpected injury that may trigger,
among other things, neuronal and glial cell death, and later
neuronal degeneration (explained in detail below).

Our “working hypothesis” is that mTORC1 may play
an important role in limiting ischemic damage. Several
evidences sustain this assumption: (i) mTORC1 has the capacity
to control anabolic/catabolic cell processes; (ii) mTORC1
potentially modulate neuronal apoptosis and autophagy; and
(iii) considering the role of mTORC1 promoting neurogenesis
and improving angiogenesis. Consequently, we propose
mTORC1 as a potential therapeutic target for ischemic
stroke.

In this review, we discuss the role of mTORC1 with an
emphasis on the current knowledge about its impact in brain
ischemia, analyzing recent evidence from both in vivo and in vitro
models of cerebral ischemia.

SIGNALING PATHWAYS UPSTREAM OF
mTORC1

The level of activation of mTORC1 depends on integration of
extracellular signals through different pathways, permitting the
combination of multiple events to generate a suitable response in
order to maintain cellular homeostasis. In this section we explain
the key players in signaling upstream of mTORC1.

The Canonical Pathway: PI3K/Akt/mTOR
As a general rule, growth factors bind to two types of
receptors, Tyrosine kinase receptors (RTKs) or G-protein-
coupled receptors (GPCRs). Downstream of both, activation of
class I PI3-kinase is an essential step for initiating the signaling
cascades. The activation of this lipid kinase generate a plethora of
responses such as PDK1/Akt pathway, among others.

It is well known that complete activation of Akt requires
the action of two different kinases (pyruvate dehydrogenase
kinase 1, PDK1 and mTORC2) at two respective amino acid
residues: Thr308 and Ser473 (Zhao et al., 2006; Dibble and
Cantley, 2015). Downstream, Tsc has been identified as the
connection between Akt and mTORC1, and is formed by three
proteins: Tsc1, Tsc2, and TBC1D7 (Dibble and Cantley, 2015).
Tsc1 (also called Hamartin) is a stabilizing factor of Tsc2. While
Tsc2 (named Tuberin) is a guanosine triphosphatase (GTPase)-
activating protein (GAP) toward Ras homolog enriched in brain
protein (Rheb).

Akt phosphorylates Tsc2 and induces its dissociation from
Tsc1 (Dibble and Cantley, 2015). Activation of Tsc1/2 inactivates
the GTPase Rheb, which functions as a molecular switch by
alternating between GTP and GDP-bound forms (Parmar and
Tamanoi, 2010). GTP-Rheb directly activates mTORC1 (Malik
et al., 2013), but Tsc1/2 action converts GTP-Rheb into GDP-
Rheb, inactivating mTORC1. The loss of Tsc1/2 function is a
determinant of mTORC1 over-activation that results in brain
disease independent of growth factors (Frindlay et al., 2005;
Hwang and Kim, 2011). Tsc2 activity can also be regulated by
kinases such as mitogen-activated protein kinase (MAPK) and
AMP-activated protein kinase (AMPK). In fact, AMPK activated
by low cellular energy status (increased ratio of AMP/ATP)
can phosphorylate Tsc2 at different residues than Akt; whereas
phosphorylation of Thr1462 or Ser664 by Akt or MAPK,
respectively, inhibits Tsc and activates mTORC1 (Ma et al., 2007),
phosphorylation of Ser1345 or Ser1337/Ser1341 by AMPK or
GSK3β, respectively, increases Tsc1/2 activity and consequently
inhibits mTORC1 (Inoki et al., 2006; Takei and Nawa, 2014).

Thus, the AMPK-dependent pathway counterbalances the
effects of trophic factors on mTORC1 activity as long as cellular
energy is below an “optimal level” for survival.

Hormones, Growth Factors and
Neurotransmitters
Hormones and growth factors like insulin, IGF-1, epidermal
growth factor (EGF), neurotrophins [NGF, BDNF and
neurotrophin 3/4 (NT-3; NT-4)], or some neurotransmitters,
induce activation of downstream effectors of PI3K, Akt and
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subsequently mTORC1, through binding of specific membrane
receptors (Switon et al., 2017; see scheme in Figure 2). Whereas,
insulin/IGF-1 and neurotrophins are the best characterized
growth factors that activate mTORC1 complexes by the
PI3K/Akt pathway (Takei and Nawa, 2014; Chen et al., 2017).

In the nervous system, axonal guidance molecules such as
Reelin, Semaphorin, Ephrins, and Netrin-1 have been shown to
activate mTORC1 through PI3K/Akt, and also some neuronal
receptors like Glu receptors, cannabinoid receptors (CBRs),
angiotensin receptors (AT2R), and µ-opioids, among others
(Polakiewicz et al., 1998; Page et al., 2006; Puighermanal
et al., 2009; Mateos et al., 2016). In some cases, this
activation mediates important brain processes such as synaptic
plasticity.

Amino Acids
Besides growth factors, some amino acids (not only
glutamate and aspartate as neurotransmitters) have pivotal
roles in the regulation of mTORC1 activity. Experimental
evidence suggests that amino acids, particularly leucine,

serve as extracellular stimuli that modulate mTORC1. The
connection between mTORC1 and amino acid levels is the
Rag family of small G-proteins (Rag A-D) (Kim et al., 2008;
Sancak et al., 2008). RagA-D proteins are heterodimers
that locate to the lysosome surface, an important site of
mTORC1 activation. The active conformations of this
GTP/GDP binding protein class are GTP-RagA/B and
GDP-RagC/D (Dibble and Manning, 2013; see scheme in
Figure 2).

A reduction of amino acid availability induces the GDP-
RagA/B form, which triggers detachment of Rag from the
lysosomal surface and consequently inactivates mTORC1. In
contrast, when amino acid supply is sufficient, Rag binds
GTP and undergoes conformational change, directly binding to
Raptor and recruiting mTORC1 to the lysosomal membrane
(Jewell et al., 2013). This situation allows close proximity between
mTORC1 and Rheb on the lysosome surface, which can activate
mTORC1. However, the mechanism by which other amino acids
may modulate mTORC1 activity is not completely understood
(Saxton and Sabatini, 2017).

FIGURE 2 | Upstream regulators of mTORC1. Schematic representation of the different upstream pathways of mTORC1. The canonical pathway regulated mTORC1

activity through RTK/GPCRs receptors via modulation of PI3K/PDK1/Akt/TSC/Reb. This pathway may be positively regulated by growth factors, hormones and some

neurotransmitters, and negatively regulated by AMPK. AMPK is activated in situations of low energy and/or hypoxia resulting in an inhibition of mTORC1 activity that

may occurs at two levels. One by direct Raptor phosphorylation, that result in an inhibition of mTOR activity (red arrow); and second modifying TSC/REDD1 complex

by phosphorylation. In addition, amino acids levels could modulated mTORC1 activity directly at the lysosome surface (an important place for activation of mTORC1)

by modulation of heterodimers Rag A-D. Black arrows represent activation and red arrows represent inhibition.
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Nutrients, Energy Status and Stressful
Conditions
Energetic status, nutrient availability, and related stress
conditions such as glucose deprivation, hypoxia, and DNA
damage can modify mTORC1 activity (Shimobayashi and
Hall, 2014). In the brain, both glia and neurons use glucose
as a primary energy source, and are thus highly sensitive
to fluctuations in blood glucose levels (Poels et al., 2009).
Hypoglycemia may diminish ATP levels in glia/neurons and
increase reactive oxygen species (ROS), triggering AMPK and
promoting metabolic reprogramming. As discussed before,
AMPK is sensitive to cellular energy status, sensing the
AMP/ATP ratio and directing mTORC1 to modulate Tsc1/2 as
a compensatory mechanism to preserve cellular energy pools.
Activation of AMPK inhibits mTORC1 activity by two pathways,
each of which involves phosphorylation of different substrates:
Tsc2 and Raptor (Agarwal et al., 2015).

Similarly, a reduction in oxygen availability (hypoxia) inhibits
mTORC1 through multiple pathways, especially when hypoxic
conditions are sustained over time. Hypoxic activation of
Tsc complex occurs by two pathways, one being AMPK-
dependent, and the other acting via REDD 1. The increment
in REDD1 after hypoxia is enough to liberate Tsc2 from
chaperone 14-3-3 and permit its association with Tsc1. Hypoxic
conditions may also reduce mTORC1 activity through other
proteins that interfere with Rheb/mTORC interaction, including
promyelocytic leukemia tumor suppressor (PML) and hypoxia-
inducible proapoptotic protein BNIP3 (Brugarolas et al., 2004;
Wouters and Koritzinsky, 2008; see scheme in Figure 2).

In summary, the precise impact of amino acids, glucose,
growth factors, and neurotransmitters on mTORC1 activity in
both physiological and pathological brain situations is not fully
understand. This is partly because there isn’t much information
about the effects of selective elimination of each factor; thus, more
work must be performed in cellular and animal models to clarify
this issue.

SIGNALING PATHWAYS DOWNSTREAM OF
mTOR

The ability of mTORC1 sensing energy and nutrient levels makes
it a central node in regulation of metabolism. In nutrient-
rich conditions, mTORC1 kinase activity promotes anabolic
pathways (translation, transcription and lipid synthesis) and
downregulates cellular catabolic processes (protein degradation).

Anabolic Metabolism Regulated by
mTORC1
The best-identified anabolic process mediated by mTORC1 is
protein synthesis, which consumes large amounts of energy and
consequently is highly regulated. Activation of mTORC1 (when
cellular nutrient and energy levels are optimal) favors protein
synthesis. As mentioned previously, p70S6K and 4EBPs are key
targets of mTORC1, and are phosphorylated at various sites
(p70S6K1 at Thr389; 4EBP at several sites), favoring 5′ cap-
dependent mRNA translation. In addition, mTORC1 upregulates

several steps of ribosome biogenesis including transcription of
ribosomal RNA and ribosomal protein synthesis (Iadevaia et al.,
2014). Correct generation of ribosomes is necessary for cellular
protein synthesis in general, which is critical for cell survival.

Recently, several studies have focused on the role of mTORC1
in mRNAs translation location-dependent. As neurons are long
cells, some proteins must be produced locally on demand
at synapses, sometimes far away from cellular soma. This is
an important process that contributes to synaptic plasticity
(Jaworski and Sheng, 2006; Urbanska et al., 2012). Transcripts
activated by mTORC1 in response to BDNF have been described
in synaptoneurosomes prepared from cortical neurons, some
encoding proteins with important roles in dendritic spines (Panja
and Bramham, 2014).

Stress factors such as glucose reduction and insufficient amino
acids induce inhibition of mTORC1, promoting diminished
phosphorylation of 4EBP1. In such conditions, 4EBP1 associates
with the cap-binding eukaryotic translation initiation factor 4E
(EIF4E), which prevents EIF4E/EIF4G interaction and therefore
prevents cap-dependent translation (Wouters and Koritzinsky,
2008). In conclusion, mTORC1 has a pivotal role modulating
5′ cap-dependent translation, but also mediates translation
independently of this canonical pathway. A role has been
described for mTORC1 in cap-independent translational control
of some critical factors in the brain such HIF-1α, VEGF, and
IGF2 (Dai et al., 2011), a mechanism that would maintain
expression of important factors during stressful situations. This
cap-independent translation happens despite the absence of
mTORC1 phosphorylation of signal transducer and activator
of transcription 3 (STAT3), which diminishes the transcription
of some proteins that use the cap-independent translation
mechanism (Dodd et al., 2015).

In addition to its effect on protein synthesis, mTORC1 induces
de novo nucleotide synthesis through different mechanisms
(for a review, see: Ben-Sahra and Manning, 2017). Nucleotide
synthesis is not only necessary for ribosome biogenesis but
also for cell growth; several reports have indicated that the
impact of mTORC1 on nucleotide synthesis is mediated by
p70S6K1-dependent phosphorylation (Ben-Sahra et al., 2016).
mTORC1 also activates SREBP, a transcription factor that induces
expression of genes involved in fatty acid and cholesterol
biosynthesis. This is essential to supply lipids for membrane
elongation in growing cells, not only in neurons but also in glial
cells and oligodendrocytes for myelination of the nervous system
(Norrmén et al., 2014).

All of this evidence shows that mTORC1 tightly coordinates
the biosynthesis of the three key macromolecular components of
the cell through parallel pathways (see scheme in Figure 3).

Catabolic Metabolism Regulated by
mTORC1
Autophagy is the catabolic mechanism by which dysfunctional
or unnecessary cellular components are degraded through the
action of lysosomes (Mizushima and Komatsu, 2011; Boya et al.,
2013), and three major subtypes have been described: chaperone-
mediated autophagy, microautophagy and macroautophagy.
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FIGURE 3 | Downstream of mTORC1. mTORC1 play a key role integrating information about the availability of some important metabolic factors. This figure

represents the main mTORC1substrates described until now: P70S6K, EBPs, ULK complex and PI3KIII and their relationship. Black arrows represent activation and

red arrows represent a inhibition.

Macroautophagy consists of the formation of an isolated
membrane to sequester a portion of cytoplasm within a double
membrane vesicle or autophagosome, which subsequently fuses
with the lysosome to degrade its content. Apart from the
upregulation of macromolecule synthesis, mTORC1 is also able
to suppress catabolism, mostly via macroautophagy (hereafter
referred to simply as autophagy).

mTORC1 inhibits autophagy through several mechanisms,
the first of which involves its phosphorylation of ULK1/2
and ATG13, dissociating and inactivating the pro-autophagy
complex ULK [composed of ULK1/2, ATG13, ATG101 and RB1-
inducible coiled-coil protein 1 (RB1CC1)/FIP200]. Secondly,
mTORC1 can phosphorylate ATG14 and UVRAG, which
inactivates phosphatidylinositol 3-kinase class III (PI3KCIII)
complex during initial (composed of PIK3C3/Vps34, Beclin-
1, PIK3R4/Vps15, ATG14 and AMBRA1) and maturing stages
(composed of PIK3C3/Vps34, Beclin-1, PIK3R4/Vps15 and
UVRAG) of autophagosomes (Nakamura and Yoshimori, 2017).
Conversely, both ULK and PI3KCIII complexes are activated
by AMPK-dependent phosphorylation (Kim et al., 2011, 2013;
see scheme in Figure 3). A third mechanism involves mTORC1
phosphorylation of transcription factor TFEB, which prevents its
translocation to the nucleus and therefore the transcription of
several ATGs and lysosomal proteins (see scheme in Figure 4).

ROLE OF mTOR IN ISCHEMIA/HYPOXIA

Different Approaches in Vitro and in Vivo
Cerebral ischemia, also known as ischemic stroke, is a sudden
vascular accident that occurs when blood flow is reduced

(transiently or permanently) to any cerebral artery by a clot,
thrombus or atherosclerotic plaque. Globally, it is the second
leading cause of death and the leading cause of adult long-
term disability, and thus has a great social and economic
impact (Thrift et al., 2014). Age is one of the most influencing
factors related to incidence of stroke (Benjamin et al., 2017),
and due to longer life expectancy, the incidence of ischemic
stroke will increase over time. There does not currently exist
any pharmacological treatment to reduce brain damage after
stroke; the only therapeutic approaches are reperfusion by
thrombolytic administration (only rtPA is approved) or surgery.
However, not all stroke patients are appropriate for reperfusion,
and only 10-20% of stroke patients receive rtPA (Lees et al.,
2010), mainly because the window to restore blood flow to a
cerebral artery is short (about 3–4 h from first symptoms) and
the risk of cerebral hemorrhage is high after this time (Lenglet
et al., 2014). The scientific community is making an intense
effort to identify possible therapeutic targets to reduce ischemic
damage and improves patient quality of life and to potentiate
the effects of reperfusion in suitable patients. However, to date
the pharmacological approaches that have been shown to be
neuroprotective, reducing damage after stroke in animal models,
have failed in humans (Cheng et al., 2004).

There are two different approaches to analyze the effects of
ischemia and test potential neuroprotective compounds. The
most commonly used in vitro model depends on oxygen and
glucose deprivation (OGD) of primary cultured neurons or
glial cells. This allows for precise control of duration of OGD
exposure, permitting the study (even at molecular levels) of
ischemia in each neural cell type at different times of injury. The
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FIGURE 4 | Cellular processes mTORC1 mediated. mTORC1 play a central role in cellular metabolism controlling some anabolic (synthesis of proteins and nucleotide,

lipogenesis) and catabolic (autophagy) processes.

most common in vivomodel used is occlusion of middle cerebral
artery (MCAO), which can mimic patients that have been treated
after stroke (transient MCAO; tMCAO), or those who were not
treated (permanent MCAO; pMCAO).

After hypoxia or ischemic conditions, the brain suffers a series
of events collectively called “ischemic cascade,” including energy
failure, excitotoxicity, neuroinflammation and delayed neuronal
death by apoptosis (Pérez-Alvarez and Wandosell, 2013; Perez-
Alvarez and Wandosell, 2016). The reduction in blood flow
to the brain decreases availability of nutrients, oxygen, and
energy, compromising neural cell viability, and the degree of
cell damage depends on the duration and severity of ischemia.
Accordingly, the brain is especially sensitive to energy and
nutrient fluctuations for several reasons: (1) the brain is highly
dependent on glucose and oxygen from the blood (it is estimated
that it consumes more than 50% of total glucose in the body);
(2) neurons use glucose as a primary energy source (although
astrocytes can partially supplement nutrient requirements for
neurons); and (3) release of energy from glucose relies on
oxidative metabolism. Thus, it is reasonable to conclude that
mTORC1 may play a key role after ischemia, in the balance
between anabolic and catabolic processes needed to protect
neurons from death.

Some studies have confirmed that after brain ischemia,
the reduction (via blockage) of oxygen, glucose and growth
factors triggers a decrease in mTORC1 activity. A dramatic
inhibition of neuronal mTORC1 has been described after
ischemia, through diminished activity of the PI3K/Akt pathway
in both in vitro and in vivo models (Dutta et al., 2015; Mateos
et al., 2016). Consequently, evidence supports lower mTORC1
phosphorylation of p70S6K, with a subsequent inhibition of its
activity (Hwang and Kim, 2011; Dutta et al., 2015; Mateos et al.,
2016). Studies with p70S6K1/2−/− mice confirmed a role for
this protein in brain protection after pMCAO (Pastor et al.,
2009).

Glial cells are also affected by cerebral ischemia; after
OGD/reperfusion, activation of the mTOR pathway is
key to restore proliferation, migration and production of
inflammatory mediators by astrocytes and microglia (Chong
et al., 2007; Li et al., 2015). In pathological situations, a
decrease in mTORC1 activity using rapamycin reduced
glia scar formation after traumatic spinal cord injury,
preventing astrocytes growth and proliferation (Goldshmit
et al., 2015). Anoxic conditions reduce p70S6K1 mRNAs in
astrocyte cultures, leading to cell death after OGD by an
unbalance of pro- and anti-apoptotic factors and increased
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ROS (Pastor et al., 2009). Therefore, some negative aspects
of ischemic injury related to cellular death are triggered by
deregulation of PI3K/Akt/mTORC, and increased activity of this
pathway has proven to ameliorate the damage (see scheme in
Figure 5).

It is well known that ischemic conditions induce transcription
of HIF-1, a transcriptional factor that is a heterodimer composed
of HIF-1α and HIF-1β. HIF translocates to the nucleus and can
reprogram gene expression to facilitate cell survival in hypoxic
conditions. The main process triggered by HIF consists of a
shift from oxygen-consuming oxidative phosphorylation to
oxygen-independent glycolysis, ensuring continued generation
of ATP during hypoxia (reviewed in Chen and Sang, 2016).
HIF-1 activity is determined by HIF-1α, thus the amounts
of available HIF-1α are precisely regulated by a nutrient-

and oxygen-dependent mechanism. In normal conditions,
physiological oxygen levels induce HIF-1α ubiquitination and
proteasomic degradation. In contrast, the low levels of oxygen,
glucose and amino acids during hypoxia induce AMPK activity,
stabilizing HIF-1α in combination with chaperones (such as
Hsp90), increasing HIF-1 activity. A connection between HIF-1
and mTORC1 has been reported: Isoflurane preconditioning,
which reduces neurological deficits, infarct volume, brain edema
and apoptosis after ischemia induction, up-regulated HIF-1α
expression via Akt/mTOR/p70S6K activation (Yan et al., 2016).
Although translation of HIF-1α is not affected by inhibition of
mTORC1, some reports have described an increment of HIF-1α
synthesis when mTORC1 activity was increased (Hudson et al.,
2002; Brugarolas et al., 2004; Bernardi et al., 2006; see scheme in
Figure 5).

FIGURE 5 | mTORC1 and cerebral ischemia. The scheme represent some of the effects of cerebral ischemia on mTORC1 activity according with the available data.

Ischemia induces mTORC1 inhibition. These situation promotes a reduction in protein synthesis and an increase autophagy and in some situations apoptosis. The

increment in autophagy, almost at short time, may induce an increment in cell viability. However, autophagy imbalance or ischemic persistence may trigger apoptosis.

The balance of this process via mTORC1, determinates the final destiny of hypoxia affected cells.
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Some Neuroprotective Agents Regulate
mTOR Activity
Many data support the hypothesis that PI3K-Akt-mTORC1
represents a major contribution, in almost all cell types, to
controlling cell survival and proteostasis. In fact, in many
neurodegenerative diseases, dysfunction of this pathway has been
reported (Heras-Sandoval et al., 2014; Perluigi et al., 2015; Zhao
et al., 2015). As a consequence, recovery or enhancement of this
pathway has been proposed as a therapeutic strategy, with targets
ranging from PI3K, Akt, and GSK3 to mTORC1 (Shimobayashi
and Hall, 2014).

Considering the diversity of pathologies affecting the CNS and
the broad processes regulated by mTORC, below is presented
an analysis of the role of mTORC1 as a regulator of macro-
autophagy and neuroprotection, using an acute damage disease
model, such as ischemic stroke. The role of mTORC1 as a
neuroprotective target in ischemia models is still a controversial
matter. Some contradictory data have been reported in relation
to beneficial or detrimental effects of autophagy induction in
the context of cerebral ischemia (Buckley et al., 2014; Chauhan
et al., 2015; Luo et al., 2015; Zhang et al., 2017). Indeed,
beneficial effects have been described after ischemic brain injury
by reducing autophagy (Guo et al., 2014; Wang et al., 2016;
Jiang et al., 2017; Zhang et al., 2017). Moreover, have been
reports some improvement in pathophysiological parameters by
increasing autophagy before ischemic damage (Yin et al., 2012;
Chauhan et al., 2015; Luo et al., 2015). The use of rapamycin
and chloroquine in mouse models to induce or block autophagy,
respectively, immediately after stroke indicated that both increase
and decrease of autophagy reduced the size of the infarct area
(Buckley et al., 2014). However, only increased autophagy before
damage or at the same time, improved neurological score, and
reduced neuronal death to a greater extent (Buckley et al., 2014;
Chauhan et al., 2015).

Some data using an “ischemic tolerance” or “ischemic
preconditioning” paradigm in the heart indicate that sublethal
ischemic insults prior to real damage may be protective,
permitting the hypothesis that a protective endogenous
mechanism triggered after a moderate brain ischemia may make
tissue resistant to a more severe ischemic insult (Lee et al., 2000).
Some evidence supports that the mTORC1 pathway is a mediator
of this neuroprotective process by inducing autophagy, and
Tsc1 has been revealed as a key player. Overexpression of Tsc1
conferred protection to hippocampal neurons after OGD by
inducing efficient autophagic flux. However, downregulation of
TSC1 triggered autophagosome accumulation, compromising
autophagy (Papadakis et al., 2013). However, not only has the role
of mTORC1 in autophagy been reported to be neuroprotective in
the paradigm of ischemic tolerance, but its inhibition promoted
this protective mechanism in part through changes in translation
(Wouters and Koritzinsky, 2008).

Treatment with rapamycin after 1 h of hypoxic or ischemic
conditions in an in vitro model of OGD improved neuronal
survival after damage (Fletcher et al., 2013), and rapamycin
preconditioning before tMCAO improved neurological deficits
and reduced infarct area and brain edema (Yin et al., 2012).
Reports on the effects of pre-ischemic rapamycin administration

have revealed a parallel between increased autophagy and
decreased mTORC1 activity, diminishing apoptosis, significantly
reducing infarct area and oxidative stress, and improving
behavioral outcomes after ischemia (Chauhan et al., 2011; Chong
et al., 2013).

Nevertheless, as we have commented previously, some reports
demonstrated detrimental effects of autophagy induction in
rodents models of cerebral ischemia (Guo et al., 2014; Jiang
et al., 2017; Zhang et al., 2017). These controversial results
must be analyzed carefully taking into account the moment
in which autophagy is induced or blocked in animal models.
Autophagy induction before or just after ischemic damage, result
in beneficial effects measured as improvement of neurological
score, reduction of infarct area or diminution of brain edema
(Yin et al., 2012; Chauhan et al., 2015; Luo et al., 2015). Opposite
results have been obtained when autophagy induction was later
(after almost 1 h of ischemic damage) (Guo et al., 2014; Jiang
et al., 2017; Zhang et al., 2017).

In some mouse models, treatment with agents that increase
the activity of the PI3K/Akt/mTORC pathway (before/after
induction of ischemia) has been shown to be neuroprotective,
reducing ischemic damage and improving neurological score
(Guo et al., 2014; Zheng et al., 2014; Lisi et al., 2015; Mateos et al.,
2016; Chen et al., 2017).

Taking into account these data, we can conclude that after
ischemic damage the accessibility of growth factors decrease,
the canonical pathway PI3K/Akt/mTORC1 is downregulated and
consequently autophagy may be enhanced.

However, authophagy induction before ischemiamakes neural
tissue more resistant to damage, while a sustained increment
of autophagy or a greater inhibition of mTORC1 or lysosomal
proteases activity after ischemia induce detrimental effects related
with neuronal and/or glia, survival.

In conclusion autophagy could be considered an endogenous
protective mechanism, at some extent, triggered after ischemic
damage, because downregulation of PI3K/Akt/mTORC1
pathway. However, sustained increment of autophagy over the
time or an excess of “levels” of autophagy, or sustained inhibition
of PI3K/Akt/mTORC1 are detrimental for neuronal survival.
This highlights the importance of a fine tune control of both: the
autophagy process and mTORC1 activity, to maintain neuronal
viability in ischemic conditions.

An important neuroprotective element used in ischemia
models is estradiol, which has been reputed to reduce ischemic
damage either pre- or post-insult. In general, estrogens function
via different types of response: “genomic actions” regulated
by classical estrogen receptors (ERs); “non-genomic” or “rapid
actions” initiated by ERs and membrane-associated receptors;
and ER-independent mechanisms, such as the antioxidant effects
reported by estradiol (for a review see: Mann et al., 2007; Arevalo
et al., 2015). In addition to the “classical” nuclear actions, rapid
estrogen effects have been described that occur within minutes
and thus cannot be attributed to genomic mechanisms (Toran-
Allerand et al., 2002; Raz et al., 2008). In fact, estradiol may
activate MAPK/Erk (Singh et al., 1999), PI3K (Honda et al.,
2000) and Akt (Cardona-Gomez et al., 2004; Mendez et al.,
2006), among other cytoplasmic elements, using either classical
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or membrane-associated receptors (for review see: Arevalo et al.,
2015). It has been reported that estradiol may have therapeutic
effects in ischemia models, as injection (even post-ischemia)
reduced the damage area, at least in part due to activation of
the PI3K/Akt pathway (Koh, 2007; Pérez-Álvarez et al., 2012;
Pérez-Alvarez and Wandosell, 2013). This strongly support the
hypothesis that estradiol may control the activity of mTORC1 via
cytoplasmic signaling (Varea et al., 2013).

Another important neuroprotective mechanism after cerebral
ischemia is angiogenesis, the generation of new capillaries,
which has been revealed to be a critical contributor to
tissue recovery. Postmortem analysis of ischemic brain tissue
revealed a significant increase in the number and size of
microvessels in affected areas compared to the contralateral
hemisphere, associated with longer patient survival (Krupinski
et al., 1994). Angiogenesis after ischemic insult contributes
to improved cerebral blood flow in the penumbra and
reduces brain damage. mTORC1 has been identified as a
potent mediator in this process, as mTORC1 activation
increases VEGF levels (via the PI3K/Akt/mTORC1 pathway)
by inducing its transcription in neurons (Chen et al., 2012;
Mateos et al., 2016). This angiogenic enhancement reduces
ischemic damage by decreasing the affected area and resulted
in a higher neurological score in animal models of stroke
(Mateos et al., 2016). Indeed, it has been reported that
rapamycin administration reduced VEGF induction, preventing
angiogenesis and increasing apoptotic cell death (Stahl et al.,
2008).

At a pharmacological level, the role of statins must be
mentioned, having been reported to have pleiotropic effects
on neuroprotection. Statins inhibit HMG-CoA reductase,
generating not only a reduction of cholesterol but also
other intermediate metabolites essential for the formation
of isoprenoids, such as geranyl pyrophosphate or farnesyl
pyrophosphate, that are incorporated into such proteins as the
Ras and RhoA families, among others, which play key roles in
cellular signaling.

A second described effect for statins is enhancement of
angiogenesis. Atorvastatin promoted angiogenesis, boosting
functional recovery after stroke through a mechanism increasing
VEGF, BDNF, eNOs, and some synaptic proteins such as
glutamate receptor GluN1 or GluN2B (Cespedes-Rubio et al.,
2010; Gutierrez-Vargas et al., 2014) in a mouse MCAO model

(Brouet et al., 2001; Chen et al., 2003). Some of these actions
are mediated by activation involving, directly or indirectly, the
PI3K/Akt/mTORC1 pathway (Kureishi et al., 2000; Yang et al.,
2015).

CONCLUSIONS

PI3K/Akt/mTORC1 is an important pathway that is implicated
in some neurodegenerative diseases and also in recovery from
ischemic stroke. Thus, genetic or pharmacologic enhancement of
this pathway should be considered a potent neuroprotective tool,
though the exact role of mTORC1 after stroke and its connection
with regulation autophagy must be more carefully investigated
to clarify controversial data. For instance, temporal studies
are needed since it is very possible that the role of mTORC1
and autophagy depends on duration as well as the severity of
nutrient/growth factor/oxygen deprivation. Accordingly, more
work should be carried out to clarify whether alternative methods
to enhance neuronal autophagy have additional therapeutic
benefits after brain ischemia.

AUTHOR CONTRIBUTIONS

MP-A and FW, “The mTORC: role in adult CNS”; MP-A
and MV, “Signaling pathways downstream of mTORC”; MP-
A and IB-C, “Signaling pathways downstream of mTORC”;
MP-A, “Role of mTOR in ischemia/Hypoxia”; FW and MP-A,
“Some neuroprotective agents regulates mTOR Activity”; FW,
“Conclusion.” The figures has been designed and made by MV,
FW, and MP-A.

ACKNOWLEDGMENTS

We are grateful to all the members of Lab 206 at the Centro
de Biología Molecular “Severo Ochoa” (CBM-SO) for their
thoughtful discussions during the preparation of this review.
This work was supported by grants from the European Union
(EU-FP7-2009-CT222887), Proyectos I+D+i, SAF2015-70368-
R, and Centro de Investigación Biomédica en Red sobre
Enfermedades Neurodegenerativas (CIBERNED)(Proyectos
Colaborativos- PI2016/01), and by an institutional grant
from the Fundación Ramón Areces to CBMSO and Fondos
FEDER.

REFERENCES

Agarwal, S., Tiwari, S. K., Seth, B., Yadav, A., Singh, A., Mudawal, A., et al. (2015).
Activation of autophagic flux against xenoestrogen bisphenol-a-induced
hippocampal neurodegeneration via AMP kinase (AMPK)/Mammalian
Target of Rapamycin (mTOR) pathways. J. Biol. Chem. 290, 21163–21184.
doi: 10.1074/jbc.M115.648998

Arevalo, M. A., Azcoitia, I., and Garcia-Segura, L. M. (2015). The neuroprotective
actions of oestradiol and oestrogen receptors. Nat. Rev. Neurosci. 16, 17–29.
doi: 10.1038/nrn3856

Aylett, C. H. S., Sauer, E., Imseng, S., Boehringer, D., Hall, M. N., Ban, N.,
et al. (2016). Architecture of human mTOR complex 1. Science 351, 48–52.
doi: 10.1126/science.aaa3870

Benito-Cuesta, I., Diez, H., Ordonez, L., and Wandosell, F. (2017). Assessment of
autophagy in neurons and brain tissue. Cells 6:E25. doi: 10.3390/cells6030025

Benjamin, E. J., Blaha, M. J., Chiuve, S. E., Cushman, M., Das, S. R.,
Deo, R., et al. (2017). Heart disease and stroke statistics- 2017 update: a
report from the American heart association. Circulation 135, e146–e603.
doi: 10.1161/CIR.0000000000000485

Ben-Sahra, I., Hoxhaj, G., Ricoult, S. J. H., Asara, J. M., and Manning, B. D. (2016).
mTORC1 induces purine synthesis through control of the mitochondrial
tetrahydrofolate cycle. Science 351, 728–733. doi: 10.1126/science.
aad0489

Ben-Sahra, I., and Manning, B. D. (2017). mTORC1 signaling and the
metabolic control of cell growth. Curr. Opin. Cell Biol. 45, 72–82.
doi: 10.1016/j.ceb.2017.02.012

Frontiers in Neuroscience | www.frontiersin.org 11 February 2018 | Volume 12 | Article 60

https://doi.org/10.1074/jbc.M115.648998
https://doi.org/10.1038/nrn3856
https://doi.org/10.1126/science.aaa3870
https://doi.org/10.3390/cells6030025
https://doi.org/10.1161/CIR.0000000000000485
https://doi.org/10.1126/science.aad0489
https://doi.org/10.1016/j.ceb.2017.02.012
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Perez-Alvarez et al. Signaling in Stroke

Bermudez-Silva, F. J., Romero-Zerbo, S. Y., Haissaguerre, M., Ruz-Maldonado,
I., Lhamyani, S., El Bekay, R., et al. (2016). The cannabinoid CB1 receptor
and mTORC1 signalling pathways interact to modulate glucose homeostasis in
mice. Dis. Model. Mech. 9, 51–61. doi: 10.1242/dmm.020750

Bernardi, R., Guernah, I., Jin, D., Grisendi, S., Alimonti, A., Teruya-Feldstein,
J., et al. (2006). PML inhibits HIF-1[alpha] translation and neoangiogenesis
through repression of mTOR. Nature 442, 779–785. doi: 10.1038/nature05029

Bockaert, J., and Marin, P. (2015). mTOR in brain physiology and pathologies.
Physiol. Rev. 95, 1157–1187. doi: 10.1152/physrev.00038.2014

Boya, P., Reggiori, F., and Codogno, P. (2013). Emerging regulation and functions
of autophagy. Nat. Cell Biol. 15, 713–720. doi: 10.1038/ncb2788

Brouet, A., Sonveaux, P., Dessy, C., Moniotte, S., Balligand, J. L., and Feron, O.
(2001). Hsp90 and caveolin are key targets for the proangiogenic nitric oxide-
mediated effects of statins. Circ. Res. 89, 866–873. doi: 10.1161/hh2201.100319

Brugarolas, J., Lei, K., Hurley, R. L., Manning, B. D., Reiling, J. H., Hafen, E.,
et al. (2004). Regulation of mTOR function in response to hypoxia by REDD1
and the TSC 1/TSC 2 tumor suppressor complex. Genes Dev. 18, 2893–2904.
doi: 10.1101/gad.1256804

Buckley, K. M., Hess, D. L., Sazonova, I. Y., Periyasamy-Thandavan, S.,
Barrett, J. R., Kirks, R., et al. (2014). Rapamycin up-regulation of autophagy
reduces infarct size and improves outcomes in both permanent MCAL, and
embolic MCAO, murine models of stroke. Exp. Transl. Stroke Med. 6:8.
doi: 10.1186/2040-7378-6-8

Burket, J. A., Benson, A. D., Tang, A. H., and DeuTsch, S. I. (2014). Rapamycin
improves sociability in the BTBR T+Itpr3tf/J mouse model of autism spectrum
disorders. Brain Res. Bull. 100, 70–75. doi: 10.1016/j.brainresbull.2013.11.005

Cardona-Gomez, P., Perez, M., Avila, J., Garcia-Segura, L. M., and Wandosell, F.
(2004). Estradiol inhibits GSK3 and regulates interaction of estrogen receptors,
GSK3, and beta-catenin in the hippocampus. Mol. Cell. Neurosci. 25, 363–373.
doi: 10.1016/j.mcn.2003.10.008

Carson, R. P., Kelm, N. D.,West, K. L., Does,M. D., Fu, C.,Weaver, G., et al. (2015).
Hypomyelination following deletion of Tsc 2 in oligodendrocyte precursors.
Ann. Clin. Transl. Neurol. 2, 1041–1054. doi: 10.1002/acn3.254

Catena, V., and Fanciulli, M. (2017). Deptor: not only a mTOR inhibitor. J. Exp.
Clin. Cancer Res. 36:12. doi: 10.1186/s13046-016-0484-y

Cespedes-Rubio, A., Wandosell Jurado, F., and Cardona-Gomez, G. P. (2010).
p120 catenin/alphaN-catenin are molecular targets in the neuroprotection and
neuronal plasticity mediated by atorvastatin after focal cerebral ischemia. J.
Neurosci. Res. 88, 3621–3634. doi: 10.1002/jnr.22511

Chauhan, A., Sharma, U., Jagannathan, N. R., and Gupta, Y. K. (2015). Rapamycin
ameliorates brain metabolites alterations after transient focal ischemia in Rats.
Eur. J. Pharmacol. 757:28–33.

Chauhan, A., Sharma, U., Jagannathan, N. R., Reeta, K. H., and Gupta, Y.
K. (2011). Rapamycin protects against middle cerebral artery occlusion
induced focal cerebral ischemia in rats. Behav. Brain Res. 225, 603–609.
doi: 10.1016/j.bbr.2011.08.035

Chen, C.-H., and Sarbassov, D. D. (2011). The mTOR (Mammalian Target of
Rapamycin) kinase maintains integrity of mTOR complex 2. J. Biol. Chem. 286,
40386–40394. doi: 10.1074/jbc.M111.282590

Chen, H., Xiong, T., Qu, Y., Zhao, F., Ferriero, D., and Mu, D. (2012).
mTOR activates hypoxia-inducible factor-1α and inhibits neuronal
apoptosis in the developing rat brain during the early phase after
hypoxia–ischemia. Neurosci. Lett. 507, 118–123. doi: 10.1016/j.neulet.2011.
11.058

Chen, J., Zhang, Z. G., Li, Y., Wang, Y., Wang, L., Jiang, H., et al. (2003).
Statins induce angiogenesis, neurogenesis, and synaptogenesis after stroke.
Ann. Neurol. 53, 743–751. doi: 10.1002/ana.10555

Chen, L., Zhang, Y., Li, D., Zhang, N., Liu, R., Han, B., et al. (2016). Everolimus
(RAD001) ameliorates vascular cognitive impairment by regulating microglial
function via the mTORC1 signaling pathway. J. Neuroimmunol. 299, 164–171.
doi: 10.1016/j.jneuroim.2016.09.008

Chen, S., and Sang, N. (2016). Hypoxia-inducible factor-1: a critical player
in the survival strategy of stressed cells. J. Cell. Biochem. 117, 267–278.
doi: 10.1002/jcb.25283

Chen, S.-D., Wu, C.-L., Hwang, W.-C., and Yang, D.-I. (2017). More insight
into BDNF against neurodegeneration: anti-apoptosis, anti-oxidation, and
suppression of autophagy. Int. J. Mol. Sci. 18, 545. doi: 10.3390/ijms1
8030545

Cheng, Y. D., Al-Khoury, L., and Ja, Z. (2004). Neuroprotection for ischemic
stroke: two decades of success and failure. J. Am. Soc. Exp. NeuroTher. 1, 36–45.
doi: 10.1602/neurorx.1.1.36

Chong, Z. Z., Li, F., and Maiese, K. (2007). The pro-survival pathways of mTOR
and protein kinase B target glycogen synthase kinase-3β and nuclear factor-κB
to foster endogenous microglial cell protection. Int. J. Mol. Med. 19, 263–272.
doi: 10.3892/ijmm.19.2.263

Chong, Z. Z., Yao, Q., and Li, H.-H. (2013). The rationale of targeting mammalian
target of rapamycin for ischemic stroke. Cell. Signal. 25, 1598–1607.
doi: 10.1016/j.cellsig.2013.03.017

Cloëtta, D., Thomanetz, V., Baranek, C., Lustenberger, R. M., Lin, S.,
Oliveri, F., et al. (2013). Inactivation of mTORC1 in the developing brain
causes microcephaly and affects gliogenesis. J. Neurosci. 33, 7799–7810.
doi: 10.1523/JNEUROSCI.3294-12.2013

Cota, D., Proulx, K., Smith, K. B., Kozma, S. C., Thomas, G., Woods, S. C.,
et al. (2006). Hypothalamic mTOR signaling regulates food intake. Science 312,
927–930. doi: 10.1126/science.1124147

Dai, N., Rapley, J., Angel, M., Yanik, M. F., Blower, M. D., and Avruch, J. (2011).
mTOR phosphorylates IMP2 to promote IGF2 mRNA translation by internal
ribosomal entry. Genes Dev. 25, 1159–1172. doi: 10.1101/gad.2042311

Dazert, E., andHall, M. N. (2011). mTOR signaling in disease.Curr. Opin. Cell Biol.
23, 744–755. doi: 10.1016/j.ceb.2011.09.003

Dibble, C. C., and Cantley, L. C. (2015). Regulation of mTORC1 by PI3K signaling.
Trends Cell Biol. 25, 545–555. doi: 10.1016/j.tcb.2015.06.002

Dibble, C. C., and Manning, B. D. (2013). Signal integration by mTORC1
coordinates nutrient input with biosynthetic output.Nat. Cell Biol. 15, 555–564.
doi: 10.1038/ncb2763

Dodd, K. M., Yang, J., Shen, M. H., Sampson, J. R., and Tee, A. R. (2015). mTORC1
drives HIF-1[alpha] and VEGF-A signalling via multiple mechanisms involving
4E-BP1, S6K1 and STAT3. Oncogene 34, 2239–2250. doi: 10.1038/onc.2014.164

Dos, D. S., Ali, S. M., Kim, D.-H., Guertin, D. A., Latek, R. R., Erdjument-Bromage,
H., et al. (2004). Rictor, a novel binding partner of mTOR, defines a rapamycin-
insensitive and RAPTOR-independent pathway that regulates the cytoskeleton.
Curr. Biol. 14, 1296–1302. doi: 10.1016/j.cub.2004.06.054

Dutta, S., Rutkai, I., Katakam, P. V. G., and Busija, D. W. (2015). The mechanistic
target of rapamycin (mTOR) pathway and S6 Kinase mediate diazoxide
preconditioning in primary rat cortical neurons. J. Neurochem. 134, 845–856.
doi: 10.1111/jnc.13181

Fletcher, L., Evans, T. M., Watts, L. T., Jimenez, D. F., and Digicaylioglu, M. (2013).
Rapamycin treatment improves neuron viability in an in vitromodel of stroke.
PLoS ONE 8:e68281. doi: 10.1371/journal.pone.0068281

Frindlay, G. M., Harrington, L. S., and Lamb, R. F. (2005). TSC 1-2 tumour
suppressor and regulation of mTOR signalling: linking cell growth and
proliferation? Curr. Opin. Genet. Dev. 15, 69–76. doi: 10.1016/j.gde.2004.11.002

Giovannini, M., Bonne, N.-X., Vitte, J., Chareyre, F., Tanaka, K., Adams, R.,
et al. (2014). mTORC1 inhibition delays growth of neurofibromatosis type 2
schwannoma. Neurooncology 16, 493–504. doi: 10.1093/neuonc/not242

Goldshmit, Y., Kanner, S., Zacs, M., Frisca, F., Pinto, A. R., Currie, P. D., et al.
(2015). Rapamycin increases neuronal survival, reduces inflammation and
astrocyte proliferation after spinal cord injury. Mol. Cell. Neurosci. 68, 82–91.
doi: 10.1016/j.mcn.2015.04.006

Guertin, D. A., Stevens, D. M., Thoreen, C. C., Burds, A. A., Kalaany, N. Y., Moffat,
J., et al. (2006). Ablation in mice of the mTORC components RAPTOR, rictor,
or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO and
PKCα, but not S6K1. Dev. Cell 11, 859–871. doi: 10.1016/j.devcel.2006.10.007

Guo, Z., Cao, G., Yang, H., Zhou, H., Li, L., Cao, Z., et al. (2014). A combination
of four active compounds alleviates cerebral ischemia–reperfusion injury in
correlation with inhibition of autophagy and modulation of AMPK/mTOR and
JNK pathways. J. Neurosci. Res. 92, 1295–1306. doi: 10.1002/jnr.23400

Gutierrez-Vargas, J. A., Munoz-Manco, J. I., Garcia-Segura, L. M., and Cardona-
Gomez, G. P. (2014). GluN2B N-methyl-D-aspartic acid receptor subunit
mediates atorvastatin-Induced neuroprotection after focal cerebral ischemia.
J. Neurosci. Res. 92, 1529–1548. doi: 10.1002/jnr.23426

Hara, K., Maruki, Y., Long, X., Yoshino, K.-I., Oshiro, N., Hidayat, S., et al. (2002).
RAPTOR, a binding partner of target of rapamycin (TOR), mediates TOR
action. Cell 110, 177–189. doi: 10.1016/S0092-8674(02)00833-4

Heras-Sandoval, D., Pérez-Rojas, J. M., Hernández-Damián, J., and Pedraza-
Chaverri, J. (2014). The role of PI3K/AKT/mTOR pathway in the modulation

Frontiers in Neuroscience | www.frontiersin.org 12 February 2018 | Volume 12 | Article 60

https://doi.org/10.1242/dmm.020750
https://doi.org/10.1038/nature05029
https://doi.org/10.1152/physrev.00038.2014
https://doi.org/10.1038/ncb2788
https://doi.org/10.1161/hh2201.100319
https://doi.org/10.1101/gad.1256804
https://doi.org/10.1186/2040-7378-6-8
https://doi.org/10.1016/j.brainresbull.2013.11.005
https://doi.org/10.1016/j.mcn.2003.10.008
https://doi.org/10.1002/acn3.254
https://doi.org/10.1186/s13046-016-0484-y
https://doi.org/10.1002/jnr.22511
https://doi.org/10.1016/j.bbr.2011.08.035
https://doi.org/10.1074/jbc.M111.282590
https://doi.org/10.1016/j.neulet.2011.11.058
https://doi.org/10.1002/ana.10555
https://doi.org/10.1016/j.jneuroim.2016.09.008
https://doi.org/10.1002/jcb.25283
https://doi.org/10.3390/ijms18030545
https://doi.org/10.1602/neurorx.1.1.36
https://doi.org/10.3892/ijmm.19.2.263
https://doi.org/10.1016/j.cellsig.2013.03.017
https://doi.org/10.1523/JNEUROSCI.3294-12.2013
https://doi.org/10.1126/science.1124147
https://doi.org/10.1101/gad.2042311
https://doi.org/10.1016/j.ceb.2011.09.003
https://doi.org/10.1016/j.tcb.2015.06.002
https://doi.org/10.1038/ncb2763
https://doi.org/10.1038/onc.2014.164
https://doi.org/10.1016/j.cub.2004.06.054
https://doi.org/10.1111/jnc.13181
https://doi.org/10.1371/journal.pone.0068281
https://doi.org/10.1016/j.gde.2004.11.002
https://doi.org/10.1093/neuonc/not242
https://doi.org/10.1016/j.mcn.2015.04.006
https://doi.org/10.1016/j.devcel.2006.10.007
https://doi.org/10.1002/jnr.23400
https://doi.org/10.1002/jnr.23426
https://doi.org/10.1016/S0092-8674(02)00833-4
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Perez-Alvarez et al. Signaling in Stroke

of autophagy and the clearance of protein aggregates in neurodegeneration.Cell
Signal 26, 2694–2701. doi: 10.1016/j.cellsig.2014.08.019

Hodgson, N., Kinori, M., Goldbaum, M. H., and Robbins, S. L. (2017). Ophthalmic
manifestations of tuberous sclerosis: a review.Clin. Experiment Ophthalmol. 45,
81–86. doi: 10.1111/ceo.12806

Honda, K., Sawada, H., Kihara, T., Urushitani, M., Nakamizo, T., Akaike,
A., et al. (2000). Phosphatidylinositol 3-kinase mediates neuroprotection
by estrogen in cultured cortical neurons. J. Neurosci. Res. 60, 321–327.
doi: 10.1002/(SICI)1097-4547(20000501)60:3<321::AID-JNR6>3.0.CO;2-T

Hong, S., Freeberg, M. A., Han, T., Kamath, A., Yao, Y., Fukuda, T., et al. (2017).
LARP1 functions as a molecular switch for mTORC1-mediated translation of
an essential class of mRNAs. Elife 6:e25237. doi: 10.7554/eLife.25237

Pearce, L. R., Huang, X., Boudeau, J., Pawłowski, R., Wullschleger, S., Deak, M.,
et al. (2007). Identification of protor as a novel rictor-binding component of
mTOR complex-2. Biochem. J. 405, 513–522. doi: 10.1042/BJ20070540

Hudson, C. C., Liu, M., Chiang, G. G., Otterness, D. M., Loomis, D. C., Kaper,
F., et al. (2002). Regulation of hypoxia-inducible factor 1α expression and
function by the mammalian target of rapamycin.Mol. Cell. Biol. 22, 7004–7014.
doi: 10.1128/MCB.22.20.7004-7014.2002

Hwang, S.-K., and Kim, H.-H. (2011). The functions of mTOR in ischemic diseases.
BMB Rep. 44, 506–511. doi: 10.5483/BMBRep.2011.44.8.506

Iadevaia, V., Liu, R., and Proud, C. G. (2014). mTORC1 signaling controls
multiple steps in ribosome biogenesis. Semin. Cell Dev. Biol. 36, 113–120.
doi: 10.1016/j.semcdb.2014.08.004

Inoki, K., Ouyang, H., Zhu, T., Lindvall, C., Wang, Y., Zhang, X., et al.
(2006). TSC 2 integrates Wnt and energy signals via a coordinated
phosphorylation by AMPK and GSK3 to regulate cell growth. Cell 126,
955–968. doi: 10.1016/j.cell.2006.06.055

Jaworski, J., and Sheng, M. (2006). The growing role of mTOR in
neuronal development and plasticity. Mol. Neurobiol. 34, 205–219.
doi: 10.1385/MN:34:3:205

Jewell, J. L., Russell, R. C., and Guan, K. L. (2013). Amino acid signalling upstream
of mTOR. Nat. Rev. Mol. Cell Biol. 14, 133–139. doi: 10.1038/nrm3522

Jiang, W. W., Huang, B. S., Han, Y., Deng, L. H., and Wu, L. X. (2017).
Sodium hydrosulfide attenuates cerebral ischemia/reperfusion injury by
suppressing overactivated autophagy in rats. FEBS Open Bio. 7, 1686–1695.
doi: 10.1002/2211-5463.12301

Jouffe, C., Cretenet, G., Symul, L., Martin, E., Atger, F., Naef, F., et al. (2013).
The circadian clock coordinates ribosome biogenesis. PLoS Biol. 11:e1001455.
doi: 10.1371/journal.pbio.1001455

Kaizuka, T., Hara, T., Oshiro, N., Kikkawa, U., Yonezawa, K., Takehana,
K., et al. (2010). Tti1 and Tel2 are critical factors in mammalian
target of rapamycin complex assembly. J. Biol. Chem. 285, 20109–20116.
doi: 10.1074/jbc.M110.121699

Kim, E., Goraksha-Hicks, P., Li, L., Neufeld, T. P., and Guan, K. L. (2008).
Regulation of TORC1 by Rag GTPases in nutrient response. Nat. Cell Biol. 10,
935–945. doi: 10.1038/ncb1753

Kim, J., Kim, Y. C., Fang, C., Russell, R. C., Kim, J. H., Fan, W., et al. (2013).
Differential regulation of distinct Vps34 complexes by AMPK in nutrient stress
and autophagy. Cell 152, 290–303. doi: 10.1016/j.cell.2012.12.016

Kim, J., Kundu, M., Viollet, B., and Guan, K. L., (2011). AMPK andmTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132–141.
doi: 10.1038/ncb2152

Kiriyama, Y., and Nochi, H. (2015). The function of autophagy
in neurodegenerative diseases. Int. J. Mol. Sci. 16:25990.
doi: 10.3390/ijms161125990

Koh, P. O. (2007). Estradiol prevents the injury-induced decrease of 90 ribosomal
S6 kinase (p90RSK) and bad phosphorylation. Neurosci. Lett. 412, 68–72.
doi: 10.1016/j.neulet.2006.10.060

Krupinski, J., Kaluza, J., Kumar, P., Kumar, S., and Wang, J. M. (1994). Role of
angiogenesis in patients with cerebral ischemic stroke. Stroke 25, 1794–1798.
doi: 10.1161/01.STR.25.9.1794

Kureishi, Y., Luo, Z., Shiojima, I., Bialik, A., Fulton, D., Lefer, D. J., et al. (2000).
The HMG-CoA reductase inhibitor simvastatin activates the protein kinase
Akt and promotes angiogenesis in normocholesterolemic animals. Nat. Med.

6, 1004–1010. doi: 10.1038/79510
Lee, J.-M., Grabb, M. C., Zipfel, G. J., and Dw, C. (2000). Brain tissue responses to

ischemia. J. Clin. Invest. 106, 723–731. doi: 10.1172/JCI11003

Lees, K. R., Bluhmki, E., Von Kummer, R., Brott, T. G., Toni, D., Grotta,
J. C., et al. (2010). Time to treatment with intravenous alteplase and
outcome in stroke: an updated pooled analysis of ECASS, ATLANTIS, NINDS,
and EPITHET trials. Lancet 375, 1695–1703. doi: 10.1016/S0140-6736(10)
60491-6

Lenglet, S., Montecucco, F., Denes, A., Coutts, G., Pinteaux, E., Mach, F., et al.
(2014). Recombinant tissue plasminogen activator enhances microglial cell
recruitment after stroke in mice. J. Cereb. Blood Flow Metab. 34, 802–812.
doi: 10.1038/jcbfm.2014.9

Li, C. Y., Li, X., Liu, S. F., Qu,W. S., Wang,W., and Tian, D. S. (2015). Inhibition of
mTOR pathway restrains astrocyte proliferation, migration and production of
inflammatory mediators after oxygen-glucose deprivation and reoxygenation.
Neurochem. Int. 83–84, 9–18. doi: 10.1016/j.neuint.2015.03.001

Li, D., Wang, C., Yao, Y., Chen, L., Liu, G., Zhang, R., et al. (2016). mTORC1
pathway disruption ameliorates brain inflammation following stroke via a shift
in microglia phenotype from M1 type to M2 type. FASEB J. 30, 3388–3399.
doi: 10.1096/fj.201600495R

Lisi, L., Aceto, P., Navarra, P., and Dello Russo, C. (2015). mTOR kinase: a possible
pharmacological target in the management of chronic pain. Biomed Res. Int.

2015:394257. doi: 10.1155/2015/394257
Liu, M., Wilk, S. A., Wang, A., Zhou, L., Wang, R.-H., Ogawa, W.,

et al. (2010). Resveratrol inhibits mTOR signaling by promoting the
interaction between mTOR and DEPTOR. J. Biol. Chem. 285, 36387–36394.
doi: 10.1074/jbc.M110.169284

Liu, X., Zhang, Y., Ni, M., Cao, H., Signer, R. A. J., Li, D., et al. (2017). Regulation
of mitochondrial biogenesis in erythropoiesis by mTORC1-mediated protein
translation. Nat. Cell Biol. 19, 626–638. doi: 10.1038/ncb3527

Luo, C., Li, Q., Gao, Y., Shen, X., Ma, L., Wu, Q., et al. (2015). Poloxamer
188 attenuates cerebral hypoxia/ischemia injury in parallel with preventing
mitochondrial membrane permeabilization and autophagic activation. J. Mol.

Neurosci. 56, 988–998. doi: 10.1007/s12031-015-0568-8
Ma, L., Teruya-Feldstein, J., Bonner, P., Bernardi, R., Franz, D. N., Witte,

D., et al. (2007). Identification of S664 TSC 2 phosphorylation as a
marker for extracellular signal-regulated kinase–mediated mTOR activation
in tuberous sclerosis and human cancer. Cancer Res. 67, 7106–7112.
doi: 10.1158/0008-5472.CAN-06-4798

Malik, A. R., Urbanska, M., Skalecka, A., and Jaworski, J. (2013). Beyond
control of protein translation: what we have learned about the non-canonical
regulation and function of mammalian target of rapamycin (mTOR). Biochim.

Biophys. Acta Proteins Proteomics 1638, 1434–1448. doi: 10.1016/j.bbapap.2012.
12.010

Mann, V., Huber, C., Kogianni, G., Collins, F., and Noble, B. (2007). The
antioxidant effect of estrogen and selective estrogen receptor modulators
in the inhibition of osteocyte apoptosis in vitro. Bone 40, 674–684.
doi: 10.1016/j.bone.2006.10.014

Mateos, L., Perez-Alvarez, M. J., and Wandosell, F. (2016). Angiotensin
II type-2 receptor stimulation induces neuronal VEGF synthesis after
cerebral ischemia. Biochim. Biophys. Acta Mol. Basis Dis. 1862, 1297–1308.
doi: 10.1016/j.bbadis.2016.03.013

Mendez, P., Wandosell, F., and Garcia-Segura, L. M. (2006). Cross-talk between
estrogen receptors and insulin-like growth factor-I receptor in the brain:
cellular and molecular mechanisms. Front. Neuroendocrinol. 27, 391–403.
doi: 10.1016/j.yfrne.2006.09.001

Mizushima, N., and Komatsu, M. (2011). Autophagy: renovation of cells and
tissues. Cell 147, 728–741. doi: 10.1016/j.cell.2011.10.026

Mühlebner, A., Van Scheppingen, J., Hulshof, H. M., Scholl, T., Iyer, A. M., Anink,
J. J., et al. (2016). Novel histopathological patterns in cortical tubers of epilepsy
surgery patients with tuberous sclerosis complex. PLoS ONE 11:e0157396.
doi: 10.1371/journal.pone.0157396

Nakamura, S., and Yoshimori, T. (2017). New insights into autophagosome–
lysosome fusion. J. Cell Sci. 130, 1209–1216. doi: 10.1242/jcs.196352

Norrmén, C., Figlia, G., Lebrun-Julien, F., Pereira, J. A., Trötzmüller, M.,
Köfeler, C., et al. (2014). mTORC1 controls PNS myelination along the
mTORC1-RXRγ-SREBP-lipid biosynthesis axis in schwann cells. Cell Rep. 9,
646–660. doi: 10.1016/j.celrep.2014.09.001

Obara, I., and Hunt, S. P. (2014). Axonal protein synthesis and the
regulation of primary afferent function. Dev. Neurobiol. 74, 269–278.
doi: 10.1002/dneu.22133

Frontiers in Neuroscience | www.frontiersin.org 13 February 2018 | Volume 12 | Article 60

https://doi.org/10.1016/j.cellsig.2014.08.019
https://doi.org/10.1111/ceo.12806
https://doi.org/10.1002/(SICI)1097-4547(20000501)60:3<321::AID-JNR6>3.0.CO;2-T
https://doi.org/10.7554/eLife.25237
https://doi.org/10.1042/BJ20070540
https://doi.org/10.1128/MCB.22.20.7004-7014.2002
https://doi.org/10.5483/BMBRep.2011.44.8.506
https://doi.org/10.1016/j.semcdb.2014.08.004
https://doi.org/10.1016/j.cell.2006.06.055
https://doi.org/10.1385/MN:34:3:205
https://doi.org/10.1038/nrm3522
https://doi.org/10.1002/2211-5463.12301
https://doi.org/10.1371/journal.pbio.1001455
https://doi.org/10.1074/jbc.M110.121699
https://doi.org/10.1038/ncb1753
https://doi.org/10.1016/j.cell.2012.12.016
https://doi.org/10.1038/ncb2152
https://doi.org/10.3390/ijms161125990
https://doi.org/10.1016/j.neulet.2006.10.060
https://doi.org/10.1161/01.STR.25.9.1794
https://doi.org/10.1038/79510
https://doi.org/10.1172/JCI11003
https://doi.org/10.1016/S0140-6736(10)60491-6
https://doi.org/10.1038/jcbfm.2014.9
https://doi.org/10.1016/j.neuint.2015.03.001
https://doi.org/10.1096/fj.201600495R
https://doi.org/10.1155/2015/394257
https://doi.org/10.1074/jbc.M110.169284
https://doi.org/10.1038/ncb3527
https://doi.org/10.1007/s12031-015-0568-8
https://doi.org/10.1158/0008-5472.CAN-06-4798
https://doi.org/10.1016/j.bbapap.2012.12.010
https://doi.org/10.1016/j.bone.2006.10.014
https://doi.org/10.1016/j.bbadis.2016.03.013
https://doi.org/10.1016/j.yfrne.2006.09.001
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1371/journal.pone.0157396
https://doi.org/10.1242/jcs.196352
https://doi.org/10.1016/j.celrep.2014.09.001
https://doi.org/10.1002/dneu.22133
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Perez-Alvarez et al. Signaling in Stroke

Page, G., Khidir, F. A., Pain, S., Barrier, L., Fauconneau, B., Guillard, O.,
et al. (2006). Group I metabotropic glutamate receptors activate the
p70S6 kinase via both mammalian target of rapamycin (mTOR) and
extracellular signal-regulated kinase (ERK 1/2) signaling pathways in rat
striatal and hippocampal synaptoneurosomes. Neurochem. Int. 49, 413–421.
doi: 10.1016/j.neuint.2006.01.020

Panja, D., and Bramham, C. R. (2014). BDNF mechanisms in late LTP
formation: a synthesis and breakdown. Neuropharmacology 76, 664–676.
doi: 10.1016/j.neuropharm.2013.06.024

Papadakis, M., Hadley, G., Xilouri, M., Hoyte, L. C., Nagel, S., Mcmenamin, M. M.,
et al. (2013). Tsc 1 (hamartin) confers neuroprotection against ischemia by
inducing autophagy. Nat. Med. 19, 351–357. doi: 10.1038/nm.3097

Parmar, N., and Tamanoi, F. (2010). RHEB G-proteins and the activation of
mTORC1. Enzymes 27, 39–56. doi: 10.1016/S1874-6047(10)27003-8

Pastor, M. D., Garcia-Yebenes, I., Fradejas, N., Perez-Ortiz, J. M., Mora-
Lee, S., Tranque, P., et al. (2009). mTOR/S6 kinase pathway contributes
to astrocyte survival during ischemia. J. Biol. Chem. 284, 22067–22078.
doi: 10.1074/jbc.M109.033100

Pearce, L. R., Sommer, E. M., Sakamoto, K., Wullschleger, S., and Alessi, D. R.
(2011). Protor-1 is required for efficient mTORC2-mediated activation of SGK1
in the kidney. Biochem. J. 436, 169–179. doi: 10.1042/BJ20102103

Pérez-Álvarez, M. J., Maza, M. D. C., Anton, M., Ordoñez, L., and Wandosell, F.
(2012). Post-ischemic estradiol treatment reduced glial response and triggers
distinct cortical and hippocampal signaling in a rat model of cerebral ischemia.
J. Neuroinflammation 9:157. doi: 10.1186/1742-2094-9-157

Perez-Alvarez, M. J., and Wandosell, F. (2016). Stroke and neuroinflamation:
role of sexual hormones. Curr. Pharm. Des. 22, 1334–1349.
doi: 10.2174/138161282210160304112834

Pérez-Alvarez, M. J., and Wandosell, F. (2013). “Estradiol in CNS: role in
neurodegeneration,” in Estradiol: Synthesis, Health Effects and Drug Interaction,
1st Edn., eds R. Palmeri and S. Grimaudo (New York, NY: Nova Science
Publishers), 35–68.

Perluigi, M., Di Domenico, F., and Butterfield, D. A. (2015). mTOR signaling
in aging and neurodegeneration: at the crossroad between metabolism
dysfunction and impairment of autophagy. Neurobiol. Dis. 84, 39–49.
doi: 10.1016/j.nbd.2015.03.014

Peterson, T. R., Laplante, M., Thoreen, C. C., Sancak, Y., Kang, S. A., Kuehl,
W. M., et al. (2009). DEPTOR Is an mTOR inhibitor frequently overexpressed
in multiple myeloma cells and required for their survival. Cell 137, 873–886.
doi: 10.1016/j.cell.2009.03.046

Pla, A., Pascual, M., and Guerri, C. (2016). Autophagy constitutes a protective
mechanism against ethanol toxicity in mouse astrocytes and neurons. PLoS
ONE 11:e0153097. doi: 10.1371/journal.pone.0153097

Poels, J., Spasic, M. R., Callaerts, P., and Norga, K. K. (2009). Expanding roles for
AMP-activated protein kinase in neuronal survival and autophagy. Bioessays
31, 944–952. doi: 10.1002/bies.200900003

Polakiewicz, R. D., Schieferl, S. M., Gingras, A.-C., Sonenberg, N., and Comb,
M. J. (1998). µ-opioid receptor activates signaling pathways implicated in
cell survival and translational control. J. Biol. Chem. 273, 23534–23541.
doi: 10.1074/jbc.273.36.23534

Puighermanal, E., Marsicano, G., Busquets-Garcia, A., Lutz, B., Maldonado,
R., and Ozaita, A. (2009). Cannabinoid modulation of hippocampal long-
term memory is mediated by mTOR signaling. Nat. Neurosci. 12, 1152–1158.
doi: 10.1038/nn.2369

Raz, L., Khan, M. M., Mahesh, V. B., Vadlamudi, R. K., and Brann, D. W.
(2008). Rapid estrogen signaling in the brain. Neurosignals 16, 140–153.
doi: 10.1159/000111559

Sancak, Y., Peterson, T. R., Shaul, Y. D., Lindquist, R. A., Thoreen, C. C., Bar-
Peled, L., et al. (2008). The Rag GTPases bind RAPTOR andmediate amino acid
signaling to mTORC1. Science 320, 1496–1501. doi: 10.1126/science.1157535

Sarbassov, D. D., Ali, S. M., Sengupta, S., Sheen, J.-H., Hsu, P. P., Bagley, A. F.,
et al. (2006). Prolonged rapamycin treatment inhibits mTORC2 assembly and
Akt/PKB.Mol. Cell 22, 159–168. doi: 10.1016/j.molcel.2006.03.029

Saxton, R. A., and Sabatini, D. M. (2017). mTOR signaling in growth, metabolism
and disease. Cell 168, 960–976. doi: 10.1016/j.cell.2017.02.004

Shimobayashi, M., and Hall, M. N. (2014). Making new contacts: the mTOR
network in metabolism and signalling crosstalk. Nat. Rev. Mol. Cell Biol. 15,
155–162. doi: 10.1038/nrm3757

Singh, M., Setalo, G. Jr., Guan, X., Warren, M., and Toran-Allerand, C. D.
(1999). Estrogen-induced activation of mitogen-activated protein kinase in
cerebral cortical explants: convergence of estrogen and neurotrophin signaling
pathways. J. Neurosci. 19, 1179–1188.

Spilman, P., Podlutskaya, N., Hart, M. J., Debnath, J., Gorostiza, O., Bredesen, D.,
et al. (2010). Inhibition of mTOR by rapamycin abolishes cognitive deficits and
reduces amyloid-β levels in a mouse model of Alzheimer’s disease. PLoS ONE

5:e9979. doi: 10.1371/journal.pone.0009979
Stahl, A., Paschek, L., Martin, G., Gross, N. J., Feltgen, N., Hansen, L. L., et al.

(2008). Rapamycin reduces VEGF expression in retinal pigment epithelium
(RPE) and inhibits RPE-induced sprouting angiogenesis in vitro. FEBS Lett.

582, 3097–3102. doi: 10.1016/j.febslet.2008.08.005
Switon, K., Kotulska, K., Janusz-Kaminska, A., Zmorzynska, J., and Jaworski,

J. (2017). Molecular neurobiology of mTOR. Neuroscience 341, 112–153.
doi: 10.1016/j.neuroscience.2016.11.017

Takei, N., and Nawa, H. (2014). mTOR signaling and its roles in
normal and abnormal brain development. Front. Mol. Neurosci. 7:28.
doi: 10.3389/fnmol.2014.00028

Thrift, A. G., Cadilhac, D. A., Thayabaranathan, T., Howard, G., Howard, V. J.,
Rothwell, P. M., et al. (2014). Global stroke statistics. Int. J. Stroke 9, 6–18.
doi: 10.1111/ijs.12245

Toran-Allerand, C. D., Guan, X., Maclusky, N. J., Horvath, T. L., Diano, S., Singh,
M., et al. (2002). ER-X: a novel, plasmamembrane-associated, putative estrogen
receptor that is regulated during development and after ischemic brain injury.
J. Neurosci. 22, 8391–8401.

Tyler, W. A., Gangoli, N., Gokina, P., Kim, H. A., Covey, M., Levison, S. W.,
et al. (2009). Activation of the mammalian target of rapamycin (mTOR)
is essential for oligodendrocyte differentiation. J. Neurosci. 29, 6367–6378.
doi: 10.1523/JNEUROSCI.0234-09.2009

Urbanska, M., Gozdz, A., Swiech, L. J., and Jaworski, J. (2012). Mammalian target
of rapamycin complex 1 (mTORC1) and 2 (mTORC2) control the dendritic
arbor morphology of hippocampal neurons. J. Biol. Chem. 287, 30240–30256.
doi: 10.1074/jbc.M112.374405

Varea, O., Escoll, M., Diez, H., Garrido, J. J., and Wandosell, F. (2013). Oestradiol
signalling through the Akt-mTORC1-S6K1. Biochim. Biophys. Acta 1833,
1052–1064. doi: 10.1016/j.bbamcr.2012.12.019

Wang, J., Han, D., Sun, M., and Feng, J. (2016). A combination of remote ischemic
perconditioning and cerebral ischemic postconditioning inhibits autophagy to
attenuate plasma HMGB1 and induce neuroprotection against stroke in rat. J.
Mol. Neurosci. 58, 424–431. doi: 10.1007/s12031-016-0724-9

Wang, L., Harris, T. E., Roth, R. A., and Lawrence, J. C. (2007). PRAS40 regulates
mTORC1 kinase activity by functioning as a direct inhibitor of substrate
binding. J. Biol. Chem. 282, 20036–20044. doi: 10.1074/jbc.M702376200

Weichhart, T. (2012). “Mammalian target of rapamycin: a signaling kinase for
every aspect of cellular life,” in mTOR: Methods and Protocols, ed T. Weichhart
(Totowa, NJ: Humana Press), 1–14.

Woods, S. C., Seeley, R. J., and Cota, D. (2008). Regulation of food intake
through hypothalamic signaling networks involving mTOR. Annu. Rev. Nutr.
28, 295–311. doi: 10.1146/annurev.nutr.28.061807.155505

Wouters, B. G., and Koritzinsky, M. (2008). Hypoxia signalling through mTOR
and the unfolded protein response in cancer. Nat. Rev. Cancer 8, 851–864.
doi: 10.1038/nrc2501

Yan, W., Chen, Z., Chen, J., and Chen, H. (2016). Isoflurane preconditioning
protects rat brain from ischemia reperfusion injury via up-regulating the
HIF-1alpha expression through Akt/mTOR/s6K activation. Cell. Mol. Biol. 62,
38–44.

Yang, H., Rudge, D. G., Koos, J. D., Vaidialingam, B., Yang, H. J., and Pavletich,
N. P. (2013). mTOR kinase structure, mechanism and regulation. Nature 497,
217–223. doi: 10.1038/nature12122

Yang, J., Pan, Y., Li, X., and Wang, X. (2015). Atorvastatin attenuates cognitive
deficits through Akt1/caspase-3 signaling pathway in ischemic stroke. Brain
Res. 1629, 231–239. doi: 10.1016/j.brainres.2015.10.032

Yin, L., Ye, S., Chen, Z., and Zeng, Y. (2012). Rapamycin preconditioning
attenuates transient focal cerebral ischemia/reperfusion injury in mice. Int. J.
Neurosci. 122, 748–756. doi: 10.3109/00207454.2012.721827

Yip, C. K., Murata, K., Walz, T., Sabatini, D. M., and Kang, S. A. (2010). Structure
of the human mTOR complex I and its implications for rapamycin inhibition.
Mol. Cell 38, 768–774. doi: 10.1016/j.molcel.2010.05.017

Frontiers in Neuroscience | www.frontiersin.org 14 February 2018 | Volume 12 | Article 60

https://doi.org/10.1016/j.neuint.2006.01.020
https://doi.org/10.1016/j.neuropharm.2013.06.024
https://doi.org/10.1038/nm.3097
https://doi.org/10.1016/S1874-6047(10)27003-8
https://doi.org/10.1074/jbc.M109.033100
https://doi.org/10.1042/BJ20102103
https://doi.org/10.1186/1742-2094-9-157
https://doi.org/10.2174/138161282210160304112834
https://doi.org/10.1016/j.nbd.2015.03.014
https://doi.org/10.1016/j.cell.2009.03.046
https://doi.org/10.1371/journal.pone.0153097
https://doi.org/10.1002/bies.200900003
https://doi.org/10.1074/jbc.273.36.23534
https://doi.org/10.1038/nn.2369
https://doi.org/10.1159/000111559
https://doi.org/10.1126/science.1157535
https://doi.org/10.1016/j.molcel.2006.03.029
https://doi.org/10.1016/j.cell.2017.02.004
https://doi.org/10.1038/nrm3757
https://doi.org/10.1371/journal.pone.0009979
https://doi.org/10.1016/j.febslet.2008.08.005
https://doi.org/10.1016/j.neuroscience.2016.11.017
https://doi.org/10.3389/fnmol.2014.00028
https://doi.org/10.1111/ijs.12245
https://doi.org/10.1523/JNEUROSCI.0234-09.2009
https://doi.org/10.1074/jbc.M112.374405
https://doi.org/10.1016/j.bbamcr.2012.12.019
https://doi.org/10.1007/s12031-016-0724-9
https://doi.org/10.1074/jbc.M702376200
https://doi.org/10.1146/annurev.nutr.28.061807.155505
https://doi.org/10.1038/nrc2501
https://doi.org/10.1038/nature12122
https://doi.org/10.1016/j.brainres.2015.10.032
https://doi.org/10.3109/00207454.2012.721827
https://doi.org/10.1016/j.molcel.2010.05.017
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Perez-Alvarez et al. Signaling in Stroke

Yonezawa, K., Tokunaga, C., Oshiro, N., and Yoshino, K.-I. (2004). RAPTOR, a
binding partner of target of rapamycin. Biochem. Biophys. Res. Commun. 313,
437–441. doi: 10.1016/j.bbrc.2003.07.018

Zaroff, C. M., Devinsky, O., Miles, D., and Barr, W. B. (2004). Topical review:
cognitive and behavioral correlates of tuberous sclerosis complex. J. Child
Neurol. 19, 847–852. doi: 10.1177/08830738040190110101

Zhang, D., Han, S., Wang, S., Luo, Y., Zhao, L., and Li, J. (2017). cPKCγ-
mediated down-regulation of UCHL1 alleviates ischaemic neuronal injuries
by decreasing autophagy viaERK-mTOR pathway. J. Cell. Mol. Med. 21,
3641–3657. doi: 10.1111/jcmm.13275

Zhao, H., Sapolsky, R. M., and Steinberg, G. K. (2006). Phosphoinositide-3-
kinase/Akt survival signal pathways are implicated in neuronal survival after
stroke.Mol. Neurobiol. 34, 249–269. doi: 10.1385/MN:34:3:249

Zhao, J., Zhai, B., Gygi, S. P., and Goldberg, A. L. (2015). mTOR inhibition
activates overall protein degradation by the ubiquitin proteasome system
as well as by autophagy. Proc. Natl. Acad. Sci.U.S.A. 112, 15790–15797.
doi: 10.1073/pnas.1521919112

Zheng, Y., Hou, J., Liu, J., Yao, M., Li, L., Zhang, B., et al. (2014). Inhibition
of autophagy contributes to melatonin-mediated neuroprotection against

transient focal cerebral ischemia in rats. J. Pharmacol. Sci. 124, 354–364.
doi: 10.1254/jphs.13220FP

Zou, Y., Jiang, W., Wang, J., Li, Z., Zhang, J., Bu, J., et al. (2014).
Oligodendrocyte precursor cell-intrinsic effect of RHEB1 controls
differentiation and mediates mTORC1-dependent myelination in
brain. J. Neurosci. 34, 15764–15778. doi: 10.1523/JNEUROSCI.2267-
14.2014

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Perez-Alvarez, Villa Gonzalez, Benito-Cuesta and Wandosell.

This is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) and the copyright owner are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 15 February 2018 | Volume 12 | Article 60

https://doi.org/10.1016/j.bbrc.2003.07.018
https://doi.org/10.1177/08830738040190110101
https://doi.org/10.1111/jcmm.13275
https://doi.org/10.1385/MN:34:3:249
https://doi.org/10.1073/pnas.1521919112
https://doi.org/10.1254/jphs.13220FP
https://doi.org/10.1523/JNEUROSCI.2267-14.2014
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles

	Role of mTORC1 Controlling Proteostasis after Brain Ischemia
	mTORC: Role in Adult Central Nervous System (CNS)
	mTORC1/2 Structure and Function
	mTORC1/2 and CNS

	Signaling Pathways Upstream of mTORC1
	The Canonical Pathway: PI3K/Akt/mTOR
	Hormones, Growth Factors and Neurotransmitters
	Amino Acids
	Nutrients, Energy Status and Stressful Conditions

	Signaling Pathways Downstream of mTOR
	Anabolic Metabolism Regulated by mTORC1
	Catabolic Metabolism Regulated by mTORC1

	Role of mTOR in Ischemia/Hypoxia
	Different Approaches in Vitro and in Vivo
	Some Neuroprotective Agents Regulate mTOR Activity

	Conclusions
	Author Contributions
	Acknowledgments
	References


