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Abstract

A significant portion of the world’s population suffers from sporadic Alzheimer’s disease (AD)
with available present therapies limited to symptomatic care that does not alter disease
progression. Over the next decade, advancing age of the global population will dramatically
increase the incidence of AD and severely impact health care resources, necessitating novel, safe,
and efficacious strategies for AD. The mammalian target of rapamycin (mTOR) and its protein
complexes mTOR Complex 1 (mMTORC1) and mTOR Complex 2 (mTORC?2) offer exciting and
unique avenues of intervention for AD through the oversight of programmed cell death pathways
of apoptosis, autophagy, and necroptosis. mTOR modulates multi-faceted signal transduction
pathways that involve phosphoinositide 3-kinase (P1 3-K), protein kinase B (Akt), hamartin
(tuberous sclerosis 1)/tuberin (tuberous sclerosis 2) (TSC1/TSC2) complex, proline-rich Akt
substrate 40 kDa (PRAS40), and p70 ribosomal S6 kinase (p70S6K) and can interface with the
neuroprotective pathways of growth factors, sirtuins, wingless, fork-head transcription factors, and
glycogen synthase kinase-3p. With the ability of mTOR to broadly impact cellular function,
clinical strategies for AD that implement mTOR must achieve parallel objectives of protecting
neuronal, vascular, and immune cell survival in conjunction with preserving networks that
determine memory and cognitive function.
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The present landscape for Alzheimer’s disease

Alzheimer’s disease (AD) affects a significant portion of the world’s population. Familial
cases of AD account for less than 2% of all presentations of AD (1). In contrast, the sporadic
form of AD accounts for the remaining majority of the cases for this neurodegenerative
disorder. Patients with familial AD have an autosomal dominant form of a mutated amyloid
precursor protein (APP) gene as well as mutations in the presenilin 1 or 2 genes (2). Familial
AD, which has been reported in approximately 200 families worldwide, can result from
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variable single-gene mutations on chromosomes 1, 14, and 21, with mutations on
chromosome 1 resulting in altered presenilin 2, mutations on chromosome 14 leading to
altered presenilin 1, and mutations on chromosome 21 resulting in altered APP. Age of onset
and clinical presentation in familial AD is usually prior to reaching 55 years old (3).
However, approximately 10% of the present global population over the age of 65 are
affected with sporadic AD. In this group of individuals, the ¢ 4 allele of the apolipoprotein E
(APOE) gene is also associated with an increased risk of late-onset AD. These estimates of
those suffering from AD may rise to more than 30 million individuals afflicted with AD
over the next 15 to 20 years. Currently more than 5 million individuals are diagnosed with
AD, and 3.5 million are under treatment at an annual cost of 3.8 billion US dollars. The
annual market size for AD is expected to exceed 11 billion US dollars by the year 2021.

Etiology for sporadic AD is considered to be multifactorial with underlying pathologies
suspected to include central nervous system (CNS) toxicity of f-amyloid (Ap), tau, oxidative
stress, cerebrovascular disease, cellular metabolism dysfunction, xenobiotic injury,
glutamate release, mitochondrial damage, and acetylcholine loss (4). Available present
therapies for AD that consist of acetylcholinesterase inhibitors and behavior modification
with antidepressants and antipsychotics are symptomatic and do not alter disease
progression. Given the progressive increase in life-span and advancing age of the world’s
population, it is highly anticipated that the presentation of AD will dramatically increase
worldwide and further strain health care resources unless novel, safe, and effective therapies
for this disorder can be developed. Some emerging therapies that are under development
employ monoclonal antibodies against Ap, prevention of A} aggregation, activation of
nicotinic receptors, enhancement of cytokine and growth factor signal transduction,
modulation of serotonin receptors, blockade of tau aggregation, and the application of metal
chelators (5,6). Yet, what may be one of the most exciting and unique avenues being
pursued for the treatment of AD involves the mammalian target of rapamycin (mTOR) and
its multi-faceted cellular pathways (7).

MTOR signaling

The target of rapamycin (TOR) and the genes TOR1 and TOR2 that encode two isoforms in
yeast, Torl and Tor2, were first identified in Saccharomyces cerevisiae. Rapamycin is a
macrolide antibiotic from Sreptomyces hygroscopicus that inhibits TOR activity. Through
the use of rapamycin-resistant TOR mutants in yeast, the yeast genes TOR1 and TOR2 were
isolated (8). In mammals, mTOR is encoded by a single gene FRAP1, is a 289-kDa serine/
threonine protein kinase, and controls multiple functions throughout the body that involve
gene transcription and protein formation, cytoskeleton composition, metabolism,
development, survival, and senescence (7). mTOR is sometimes referred to by other terms
such as the mechanistic target of rapamycin and FK506-binding protein 12-rapamycin
complex-associated protein 1. The N-terminal portion of mTOR contains at least a 20 HEAT
(Huntingtin, Elongation factor 3, A subunit of Protein phosphatase-2A, and TORL1) repeat.
This region promotes binding with two regulatory proteins, Raptor (regulatory-associated
protein of mTOR) and Rictor (rapamycin-insensitive companion of mTOR).
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mTOR is an essential component of the protein complexes mMTOR Complex 1 (mTORC1)
and mTOR Complex 2 (mTORC?2), and it is the association of mMTOR with either Raptor
(component of mMTORCZ1) or Rictor (component of mTORC?2) that determines with which
protein complex mTOR associates (Figure 1). mTORC1 is more sensitive to the inhibitory
effects of rapamycin than mTORC2 (9). Rapamycin blocks mTORC1 activity by binding to
immunophilin FK506-binding protein 12 (FKBP12) that attaches to FKBP12-rapamycin-
binding domain (FRB) at the C-terminal of mTOR to prevent the phosphorylation of mTOR.
Long-term administration of rapamycin also can inhibit mTORC2 which may result from
the disruption of the assembly of mMTORC2 (9). As noted above, mTORC1 contains Raptor.
Phosphorylation of Raptor through several pathways that can include the protein Ras
homologue enriched in brain (Rheb) activates mTORCL1 and allows it to bind to its complex
constituents. Rheb phosphorylates Raptor residue serine®3 and other residues that include
serine89, serine85, serine877, serine®¥, and threonine’%®. mTORC1 activity is reduced if
serine863 remains unphosphorylated (10). Once it is active, mTOR can also modulate Raptor
activity that can be blocked by rapamycin (10).

In addition to Raptor, mTORCL1 is composed of the proline-rich Akt substrate 40 kDa
(PRAS40), Deptor (DEP domain-containing mTOR interacting protein), and mLST8/GBL
(mammalian lethal with Sec13 protein 8, termed mLST8). PRAS40 can competitively block
the binding of mMTORC1 to Raptor (11). Inhibitory phosphorylation of PRAS40 by protein
kinase B (Akt) promotes the activity of mTORC1. Phosphorylation of PRAS40 dissociates it
from Raptor, promotes the binding of PRAS40 to the cytoplasmic docking protein 14-3-3,
and fosters the activity of mMTORCZ1. Deptor also can inhibit mMTORCL by binding to the
FAT (FKBP-associated protein, Ataxia-telangiectasia, and Transactivation/transformation
domain-associated protein) domain of mTOR. Without Deptor, the activity of Akt,
mTORC1, and mTORC?2 are enhanced. In contrast to PRAS40 and Deptor, mLST8, which
is a component of mMTORC1 and mTORC2, promotes mTOR kinase activity and is known to
control insulin signaling through the transcription factor FoxO3; it is necessary for the
phosphorylation of Akt and protein kinase C-a (PKCa) and is required for the association
between Rictor and mTOR (12).

Interestingly, mLST8 promotes mTOR Kkinase activity through p70 ribosomal S6 kinase
(p70S6K) and the eukaryotic initiation factor 4E (elF4E)-binding protein 1 (4EBP1) (13),
two critical signaling targets of mMTORC1. mTORC1 relies upon p70S6K to promote cell
growth, mRNA biogenesis, and the translation of ribosomal proteins (14). In the nervous
system, amino-acids control cortical function through the mTOR and p70S6K pathways.
Both glutamate and leucine rely upon p70S6K to modulate synaptic signaling (15) and food
intake (16). However, when 4EBP1 is hypophosphorylated, it prevents protein translation by
binding to eukaryotic translation initiation factor 4 epsilon (elF4E) through elF4 gamma
(elF4G), a protein that translocates MRNA to the ribosome. mTORC1 phosphorylation of
4EBP1 blocks this activity and leads to the dissociation of 4EBP1 from elF4E, allowing
elF4G to begin mRNA translation. In addition, binding of 4EBP1 and p70S6K to Raptor can
be prevented during activation of PRAS40.

mTOR signaling is intimately connected to the pathways of phosphoinositide 3-kinase (PI 3-
K), Akt, and AMP activated protein kinase (AMPK) (Figure 1) (5). For example, mMTORC1

Ann Med. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Maiese

Page 4

activity is controlled by Akt modulating hamartin (tuberous sclerosis 1)/tuberin (tuberous
sclerosis 2) (TSC1/TSC2) complex, an inhibitor of MTORC1 (7,17). Although several
regulatory phosphorylation sites are known to exist for TSC1, the TSC1/TSC2 complex is
believed to be controlled primarily though the phosphorylation of TSC2 by Akt,
extracellular signal-regulated kinases (ERKS), activating protein p90 ribosomal S6 kinase 1
(RSK1), AMPK, and glycogen synthase kinase-3p (GSK-3f). TSC2 functions as a GTPase-
activating protein (GAP) converting a small G protein Ras homologue enriched in brain
(Rheb-GTP) to the inactive GDP-bound form (Rheb-GDP). If Rheb-GTP is active, Rheb-
GTP can then associate with Raptor to regulate the binding of 4EBP1 to mTORC1 and
increase mTORCL activity. Akt phosphorylates TSC2 on multiple sites that leads to the
destabilization of TSC2 and disruption of its interaction with TSC1. Phosphorylation of
TSC2 (serine®39, serine81, and threoninel462) results in the binding of TSC2 to protein
14-3-3, disruption of the TSC1/TSC2 complex, and then activation of Rheb and mTORC1.
Interestingly, it appears that a limited reduction in TSC2 activity is necessary for cellular
protection against AP to allow for mTOR activation, since complete knock-down of TSC2
can limit cellular protection (18).

As noted, AMPK also is a vital pathway to control TSC2. AMPK phosphorylates TSC2 to
lead to increased GAP activity to turn Rheb-GTP into Rheb-GDP and thus inhibits the
activity of mTORC1 (Figure 1). AMPK also controls TSC1/2 activity through RTP801
(REDD1/product of the Ddit4 gene). During hypoxia, AMPK activity can increase REDD1
expression to suppress mTORC1 activity by releasing TSC2 from its inhibitory binding to
protein 14-3-3 (19). AMPK activation has been shown to suppress A production (20),
regulate tau phosphorylation (21), reduce myocardial infarct size in experimental models of
diabetes (22), prevent oxidative stress that may lead to hypertension (23), be required for
proper metabolic function of cells (24), and may suppress adipocyte differentiation, lipid
accumulation, and obesity (25). However, it should be noted that excessive AMPK
activation may lead to aberrant AB production (18,20), cardiac dysfunction (26), and cardiac
hypertrophy (27).

In regards to the mTOR complex associated with Rictor, mTORC2 has similar components
of mMTORCI1 that include mLST8 and Deptor, but also has additional components that are
the mammalian stress-activated protein kinase interacting protein (mSIN1) and the protein
observed with Rictor-1 (Protor-1) (7,17). Rictor and mSIN1 form the structural basis of
mTORC2. mTORC?2 utilizes Rictor to activate and phosphorylate Akt at Ser473, facilitating
threonine3%8 phosphorylation by phosphoinositide-dependent kinase 1 (PDK1) (7,17).
mSIN1 is required for mMTORC2 to activate Akt. The kinase domain of mTOR also has been
shown to phosphorylate mSIN1, preventing the lysosomal degradation of mSIN1. Protor-1 is
a Rictor-binding subunit of mMTORC2 and may function to activate serum and
glucocorticoid-induced protein kinase 1 (SGK1). Absence of Protor-1 in animal models
reduces the hydrophobic motif phosphorylation of SGK1 and its substrate N-Myc
downregulated gene 1 in the kidney (NRDG1) (28).

mTORC2 has multiple targets to control cellular survival, ion transport, cell migration, and
cytoskeleton remodeling (Figure 1). mTORC?2 activates Akt to enhance cell survival and
uses PKCa for cytoskeleton remodeling. mTORC?2 also phosphorylates and activates SGK1,
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is a member of the protein kinase A/protein kinase G/protein kinase C (AGC) family of
protein kinases, and is activated by growth factors to control ion transport. mMTORC2
controls cell migration through the activation of the Rac guanine nucleotide exchange
factors P-Rex1 and P-Rex2 and through Rho signaling. Expression of the active forms of the
Rho GTPases with mTORC?2 fosters cell-to-cell contact and decreases remodeling of the
actin cytoskeleton. mTORC2 through Akt phosphorylates P-Rex1 and P-Rex2 to foster Rac
activation and cell migration. For the TSC1/TSC2 complex, unlike mTORC1, TSC1/TSC2
promotes the activity of mMTORC?2 through the N-terminal region of TSC2 and the C-
terminal region of Rictor (29). Studies have shown that absence of the TSC1/TSC2 complex
leads to the loss of mMTORC2 kinase activity in vitro (29).

Oxidative stress and pathways of programmed cell death

During oxidative stress, reactive oxygen species (ROS) are formed through superoxide free
radicals, hydrogen peroxide, singlet oxygen, nitric oxide (NO), and peroxynitrite (4).
Oxidative stress can subsequently damage cells through the loss of DNA integrity,
mitochondrial injury, the misfolding of proteins, and lipid peroxidation. Several cellular
antioxidant systems such as catalase, superoxide dismutase, glutathione peroxidase, and
vitamins C, D, E, and K may limit the production of ROS and reduce ROS to less than toxic
levels (5). Oxidative stress impacts multiple neurodegenerative disorders, especially those
involving cognitive loss such as AD. Abnormalities in impaired insulin signaling and
abnormal cellular metabolism as a result of oxidative stress may both initiate and promote
the progression of AD (Figure 1). Impairment in sirtuin signaling during oxidative stress that
can affect neuronal as well as vascular function also may contribute to AD (30). The
presence of oxidative stress may incite aberrant cell cycle re-entry that can lead to neuronal
death during AD (31,32). Reduction in ROS levels in models of AD have led to reduced
toxicity of A (33), further suggesting that oxidative stress is a critical component in the
pathology of AD. In other models of AD, agents that reduce levels of oxidative stress in
conjunction with reduction in Af expression resulted in significantly improved cognitive
function (34).

Intimately tied to oxidative stress cell injury are the pathways of programmed cell death that
involve apoptosis, autophagy, and necroptosis (Figure 1) (35). Apoptosis consists of both an
early phase that involves the loss of plasma membrane lipid asymmetry and a later phase
that leads to genomic DNA degradation. The loss of asymmetry of membrane
phosphatidylserine (PS) distribution is an early component of apoptosis that can be
reversible, but, once initiated, genomic DNA degradation usually is not reversible (5).
Externalization of PS residues and the onset of genomic DNA degradation are considered to
be the outcomes of a series of activation of nucleases and proteases that occur during
apoptosis. The early phase of apoptosis with membrane PS externalization alerts
inflammatory cells to engulf and remove injured cells. As a result, prevention of membrane
PS externalization is necessary to prevent the loss of functional cells that are temporarily
injured and expressing membrane PS residues.

Apoptotic DNA fragmentation (36) and caspase activation (37) have been demonstrated in
the brains of patients with AD. ‘Pro-apoptotic’ signaling pathways such as Bim also have
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been identified in vulnerable regions of AD patients that involve the entorhinal cortex (38).
In animal models of AD, therapies directed against apoptosis improve cellular survival
(18,39) and enhance cognitive function (40).

Several studies support the premise that activation of mTOR may be necessary to prevent
apoptotic cell death (Table I). Loss of mTOR activity during oxidative stress can lead to
neuronal cell loss (41), and Ap may inhibit mTOR activity (42). During sepsis, neurons are
protected against sepsis with application of the cytokine erythropoietin (EPO) and activation
of mTOR (43). Activation of mMTOR also is necessary for EPO to protect cerebral microglia
that can support neuronal function during oxidative stress and Ap toxicity (44,45).
Prevention of cortical injury during ischemic preconditioning (46) or during permanent
cerebral ischemia requires mTOR activation (47).

mTOR functions in conjunction with several pathways that involve phosphoinositide 3-
kinase (Pl 3-K), Akt, forkhead transcription factors, proline-rich Akt substrate 40 kDa
(PRASA40), and p70S6K to prevent apoptotic cellular death. In the nervous and vascular
systems, activation through the PI 3-K and Akt pathways prevent neuronal injury, protect
vascular cells, and block injury to immune cells (48-50). During Ap toxicity to cells,
activation of Akt limits cell injury and prevents the detrimental effects of Ap (51,52).
Pathways of P1 3-K and Akt also are critical for agents such as growth factors to foster
neuronal survival and block neurodegeneration, especially during Ap exposure. EPO
activates Akt through its phosphorylation of serine*’3 (53,54). EPO relies upon Akt
activation during oxidative stress to maintain the integrity of cerebral vascular cells through
silent mating type information regulator 2 homolog 1 (SIRT1) cell longevity pathways (55).
EPO can prevent cell injury through Akt during A} exposure and also utilizes pathways that
activate mTOR to enhance cell survival (45,56). Proteins associated with mTOR, such as
ubiquilin-1, also may be involved with AD. In addition, proteins such as ubiquilin-1 can
interact with mTOR without affecting its kinase activity (57). Expression of ubiquilin-1 has
been shown to be upregulated during neurofibrillary tangle changes in the hippocampus of
patients with AD (58).

These protective pathways of EPO, Akt, and mTOR also rely upon the modulation of
forkhead transcription factors. Mammalian forkhead transcription factors of the O class
(Fox0O1, FoxO3, FoxO4, and FoxO6) oversee multiple cellular functions that include
growth, cell cycle regulation, metabolism, and survival (59). Akt prevents apoptotic cell
death by phosphorylating FoxO proteins, promoting the sequestration of FoxO proteins by
14-3-3 in the cytoplasm, and ultimately blocking their transcription. In relation to neuronal
and immune cell survival, inhibition of forkhead transcription factor activity protects against
growth factor deprivation, oxidative stress, and Ap toxicity (60,61). EPO through Akt can
phosphorylate and inhibit FoxO proteins, activate mTOR, and lead to increased cellular
survival by blocking apoptotic cell death (62,63). Additional studies further support the
ability of mTOR to control forkhead protein activity especially in cellular metabolism,
demonstrating that mTOR activation can subsequently lead to forkhead transcription factor
repression (64).
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mTOR signaling also is tightly linked to PRAS40 and p70S6K through Akt to block
apoptotic cell death. Following phosphorylation of PRAS40 by Akt, PRAS40 can dissociate
from mTORC1 to promote mTOR activation and prevent apoptosis. PRAS40 appears to be a
central component in modulating cell survival since knock-down of PRAS40 can
independently protect cells against Ap toxicity (65) and inhibit caspase 3 activation (66).
Under some circumstances, studies suggest that over-expression of PRAS40 that
simultaneously activates Akt and mTOR but blocks forkhead transcription factor activity
can lead to neuronal protection during ischemic induced oxidative stress (67). Yet without
these parameters and over-expression, PRAS40 activity appears to be detrimental with loss
of mTOR activity and also leads to metabolic cellular dysfunction (68,69).

Through Akt and mTOR activation, p70S6K can promote cellular protection during adverse
cellular conditions. Trophic factor protection against AB toxicity in cortical neurons utilizes
Akt, mTOR and p70S6K activation (42). In addition, neuronal cell injury (70) or microglial
cell loss (18,45,65) during AB exposure is believed to be a result of the secondary to the loss
of p70S6K signaling. In other models of oxidative stress, p70S6K is necessary to provide
growth factor neuroprotection (44,45,66) and progenitor cell induction of neovascularization
in ischemic tissue (71), attenuate cortical injury from focal ischemia (72), and reduce insulin
resistance (73).

Autophagy is another and independent pathway of programmed cell death that is in contrast
to apoptosis (Table I). Autophagy allows cells to recycle cytoplasmic components and
discard defective organelles for tissue remodeling. Three categories of autophagy exist
termed microautophagy, chaperone-mediated autophagy, and macroautophagy (35,74).
Microautophagy involves the sequestration of cytoplasmic components by invagination of
the lysosomal membrane for digestion. Cytosolic chaperones transport cytoplasmic
components across lysosomal membranes during chaperone-mediated autophagy.
Macroautophagy, which is the most prominent of the three categories, consists of the
sequestration of cytoplasmic proteins and organelles into autophagosomes that ultimately
fuse with lysosomes for degradation and are then recycled for future cellular processes.
Several autophagic genes modulate autophagic processes. Thirty-three autophagic related
genes (Atg) in yeast have been identified. Of this family of genes, Atgl and Atg13 (also
termed Apgl3) are associated with the Pl 3-K, Akt, and mTOR cascade. Atg13 is
phosphorylated through a Tor-dependent mechanism resulting in its release from Atgl and a
reduction in Atgl activity. During starvation and Tor inhibition, Atg13 is dephosphorylated
and activates Atg1l to result in autophagosome formation. In mammals, a similar oversight of
autophagy through mTOR also exists. Two mammalian homologues of Atgl, UNC-51-like
kinase 1 (ULK1) and ULK2, have been identified. Mammalian Atg13 binds to ULK1,
ULK?2, and FIP200 (focal adhesion kinase family interacting protein of 200 kDa) to activate
ULKSs and facilitate the phosphorylation of FIP200 by ULKs. mTOR phosphorylates the
mammalian homologue Atg13 and the mammalian Atgl homologues ULK1 and ULK2 to
block autophagy. In most cases, mTOR activation can block autophagy through inhibition of
the ULK- Atg13-FIP200 complex by phosphorylating Atg13 and ULKSs. In the absence of
mTOR activity, dephosphorylation of ULKs and Atg13 ensues, leading to the induction of
autophagy.
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For neurodegenerative disorders that are either acute or chronic in presentation, autophagy
through mTOR inhibition usually can be protective and promote cellular survival. In
neonatal models of ischemia (75) or during excitotoxicity (76), inhibition of mTOR activity
with induction of autophagy can be neuroprotective. Trophic factor neuronal protection
during cerebral ischemia also may be mediated through the inhibition of MTOR and the
induction of autophagy (77). In clinical cases of Lewy body disease and Parkinson’s disease
dementia, pathological specimens demonstrated markers of reduced autophagic activity and
increased mTOR activity (78). In models of Huntington’s disease (79) or prion protein
disease (80), induction of autophagy with mTOR blockade leads to cytoprotection.
Inhibition of mTOR signaling with the induction of autophagy also leads to neural tissue
protection and functional improvement in models of spinal cord injury (81).

However, other studies demonstrate that mTOR activation with a reduction in autophagy
may be necessary to achieve cellular protection and survival in the nervous system. For
example, in dopamine neurons exposed to oxidative stress, neuronal cell death was
potentiated during the induction of autophagy and the inhibition of mMTOR and p70S6K
activity, while, in contrast, neurons were protected during oxidative stress with the blockade
of autophagy and enhancement of mTOR activity (82). In Purkinje neurons, trophic factor
withdrawal leads to neuronal cell death through the accumulation of autophagic vesicle
accumulation. Application of trophic factors such as insulin growth factor-1 prevents
neuronal injury and blocks the induction of autophagy (83). Models of ischemic stroke also
demonstrate that reduction in autophagy leads to the reduction in infarct size and the
protection of cerebral neurons (84). During traumatic spinal cord injury in rats, activation of
mTOR with reduction in autophagy also leads to improved cell survival of motor neurons
and improved functional capabilities (85). In tri-cultures of neurons, astrocytes, and
microglia that were exposed to inflammatory stressors and Af to provide a model of AD,
cell survival was reduced with increased injury during the induction of autophagy (86),
suggesting in this model that inflammatory stressors accompanied by autophagy may
precipitate the pathology of AD.

It should be noted that the pathways of apoptosis and autophagy do not occur in isolation
and may influence each other. For example, some agents designed to inhibit cancer cell
growth have been shown to lead to autophagy initially, but later initiate apoptotic pathways
that promote cell death, illustrating that autophagy in some cells may modulate an adaptive
response over apoptosis (87). In other tumor cells such as in leukemia, targeting mTORC1
and mTORC2 complexes together to overcome leukemic cell resistance may require the
induction of apoptosis with the repression of autophagy (88). Under other circumstances
such as during oxidative stress in neurons, WISP1, a member of the CCN family of proteins
and component of the wingless pathway Wnt1, can prevent cell death primarily through
inhibition of apoptotic pathways in neurons with a minimal contribution in a subset of
neurons that also requires the inhibition of autophagy (89).

In addition to apoptosis and autophagy, necroptosis is another pathway of programmed cell
death relevant to neurodegenerative disorders (Table I). In animal models of aluminum
exposure that exhibit components of AD, inhibitors of necroptosis prevented neuronal cell
death and improved memory function (90), suggesting that necroptosis in addition to
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apoptosis and autophagy contributes to neurodegenerative disorders and should be
considered a potential target for AD. As a regulated necrotic cell death pathway, necroptosis
is controlled by receptor-interacting protein (RIP-1 and RIP-3) kinases and cylindromatosis
(turban tumor syndrome) (CYLD). However, these pathways may have a complex
relationship since recent work also suggests that RIP-1 kinase activity may be necessary to
block RIP-3-mediated necroptosis during the early postnatal period (91). Pathways such as
Akt and mTOR are involved with necroptotic cell death. Inhibition of mTOR in acute
lymphoblastic leukemia leads to autophagy-dependent cell loss with features that are
consistent with necroptosis (92). In human carcinoma cell lines, agents that can repress cell
cycle progression have been demonstrated to utilize mechanisms of necroptosis (93).
Glioblastoma cell proliferation also has been linked to a number of mechanisms that include
inhibition of Akt, nTORC1 and mTORC2, cell cycle block at G2-M, and the initiation of
necroptosis and autophagy (94).

MTOR in memory and Alzheimer’s disease

Several studies suggest that mTOR signaling pathways play a vital role in memory
formation and protection of neuronal pathways mediating cognitive function that are
relevant to AD (17). Survival of newborn neurons and development of dendritic density in
mice have been shown to be impaired by A through the loss of Akt, mMTOR, and p70S6K
activity (95). Dendritic protein synthesis in hippocampal neurons also is fostered through
mTOR activity (96). In animal models of remote and global cerebral ischemic reperfusion
injury, activation rather than inhibition of mTOR activity was found to be protective of
networks controlling memory in the hippocampus (46). In addition, AB exposure in neuronal
cultures has been shown to lead to disruption in Pl 3-K, Akt, and mTOR signaling that may
precipitate cognitive loss during AD (42). mTOR can regulate protein synthesis in neurons
and has been shown to be necessary for the formation of long-term memory in the amygdala
(97). mTOR also is necessary for long-term memory formation and consolidation. Loss of
mTOR impairs the reconsolidation phase of traumatic memory (98). In patients with AD, a
decrease in mTOR activity in peripheral lymphocytes appears to correlate with the
progression of AD (99). Loss of mTOR signaling also has been shown to impair long-term
potentiation and synaptic plasticity in animal models of AD that can be restored through the
upregulation of mTOR signaling (100).

Given the studies that illustrate the critical role of mTOR in memory formation and
maintenance, the observations that a reduction in mTOR signaling occurs in patients with
AD, and the studies that demonstrate the detrimental effects of AB exposure on mTOR, it is
conceivable to consider that a minimum level of activity of the PI 3-K, Akt, and mTOR
pathways may be required to prevent the onset and progression of AD. In fact, inhibition of
mTOR activity may ultimately lead to neuronal atrophy in AD. Loss of retinoblastoma-1
(RB1) inducible coiled-coil 1 (RB1CC1) tumor suppressor has been observed in the brains
of AD patients. In these patients, RB1CC1 appears to be necessary for neurite growth and to
maintain mTOR signaling, since reduced expression of RB1CC1 leads to loss of mTOR
activity, neuronal apoptosis, and neuronal atrophy (101). Recent work also has illustrated
that increased Rheb GTPase activity that is known to increase mTORCL activity may be
necessary to regulate the B-site amyloid precursor protein (APP)-cleaving enzyme 1 (B-
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secretase, BACE1) that promotes Ap accumulation in AD, since over-expression of Rheb
depletes BACEL and is able to reduce A generation (102).

However, the degree of mTOR activity to achieve a therapeutic benefit during AD is not
entirely clear, and several studies also support the premise that inhibition of mMTOR
signaling is a viable avenue for the treatment of AD. In the temporal cortex of patients with
AD, increased levels of phosphorylation for Akt, mTOR, and tau have been reported to
suggest that aberrant and increased mTOR signaling may contribute to the pathology of AD
(103,104). As part of the mTOR signaling cascade, phosphorylated p70S6K has been
demonstrated to co-localize with increased hyperphosphorylated tau deposition in the brains
of AD patients, and it is suggested that p70S6K may foster the accumulation of
hyperphosphorylated tau (105). Temsirolimus, an inhibitor of mTOR and approved by the
US Federal Drug Administration (FDA) for the treatment of renal cell carcinoma, has been
shown to enhance Ap clearance in cell lines and animal models of AD and improve spatial
learning through the induction of autophagy (40). In other animal models of AD, long-term
inhibition of mTOR with rapamycin decreased levels of AB, slowed the progression of
cognitive deficits (106), and inhibited tau phosphorylation (107,108). Additional studies
suggest that by using agents that can suppress BACEL expression through the inhibition of
Akt and mTOR as well as through the activation of AMPK, ApB deposition and senile plaque
formation are decreased (109).

Future directions and strategies for mTOR and Alzheimer’s disease

Sporadic AD is a syndrome that may result from multiple etiologies that lead to cognitive
loss and widespread neuronal, vascular, and immune cell impairment in the nervous system.
With more than 30 million individuals estimated to suffer from AD over the next 20 years
and current annual costs to the US economy alone estimated at approximately 4 billion US
dollars, significant emphasis has been placed on the development of novel therapeutic
strategies that can either abort or at least slow progression of AD. Current therapies for AD
are extremely limited and, at best, offer symptomatic relief but do not alter the progression
of the disease. Multiple emerging therapies are under consideration, but none may offer the
promise to target improvement in both cognitive function and nervous system cell survival
as mTOR and its signaling pathways.

Interestingly, mTOR has been demonstrated to be instrumental in a number of cellular
protective pathways that involve sirtuins (30), wingless pathways (18,65), forkhead
transcription factors (59,64,67), GSK-3p (110), and growth factors (48,66,77). Furthermore,
mTOR is intimately linked to the pathways of P1 3-K and Akt that control programmed cell
death during neurodegenerative disorders especially in AD (Table I). Yet, the pathways of
apoptosis, autophagy, and necroptosis can have a complex relationship that may produce
varied clinical outcomes that involve mTOR. Memory function may not be dependent upon
only apoptosis or autophagic cell survival, but also require the activation of necroptosis (90).
In a similar fashion, cellular proliferation may require both necroptosis and autophagy as
well as mTOR signaling (94). In contrast under other parameters, proper cell growth may
necessitate autophagy and apoptosis that progress at different time periods (87), while other
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cell survival scenarios support the need for the activity of apoptosis but the inhibition of
autophagy (88).

These observations suggest that multiple pathways of the Pl 3-K, Akt, and mTOR cascade in
combination or independently may influence biological function and therapeutic outcome. In
some circumstances, specific targeting of individual components of the cascade may offer
the best outcome. For example, rodent models of epilepsy indicate that specific targeting of
mTORC1 in the developing brain may block the detrimental effects of neonatal seizures
(112). In other studies evaluating mitochondrial injury and apoptotic cell death following
serum deprivation, mTORC2 was considered to have greater efficacy in improving cell
survival than mTORC1 (112). However, additional work supports a broader targeting
approach (113), since entities such as nervous system tumors can develop resistance to
agents that inhibit mTOR signaling or express an abnormal increased basal activity of the Pl
3-K, Akt, mTOR axis requiring targeting of multiple components (114). In clinical studies
with chronic myelogenous leukemia (88) and colorectal cancer metastases (115), targeting
both mTORC1 and mTORC2 pathways has been advocated. In models of AD, repression of
AP production may require inhibition of Akt and mTOR with the concomitant activation of
AMPK (109). Cellular protection against the toxicity of Ap also may require mTOR
modulation in conjunction with TSC2, PRAS40, BAD, and Bcl-xL (Table I) (18,45,65).

Yet, whether single or multiple components of the mTOR pathway are targeted, caution
must be exercised in neurodegenerative disorders, since Pl 3-K, Akt, and mTOR are
proliferative pathways and may lead to unchecked cell growth and tumorigenesis (116,117).
Therefore, it may come as no surprise that rapamycin (sirolimus) and rapamycin derivative
compounds (‘rapalogs’) have been developed as anti-tumor agents and are currently
approved by the FDA for the treatment of central nervous system and neuroendocrine
tumors (17). Yet, the clinical use of rapamycin or its derivative compounds to inhibit mTOR
can present additional complications. These agents can result in side effects that include oral
and respiratory infections, stomatitis, hypercholesterolemia, leukopenia,
hypertriglyceridemia, and immunosuppression (118,119). As a result, the focused
development of new agents that can target mTOR or specific components of the mTOR
cascade with precision could be particularly advantageous for developing treatments for
neurodegenerative disorders and AD (7,120).

In particular for the development of strategies for AD, temporal targeting of the mTOR
pathway may be a vital consideration especially in regards to early onset versus chronic
progression of AD. Recent clinical phase 11 trials for AD designed to reduce A load with
immunomodulators bapineuzumab or with solanezumab (LY2062430) resulted in limited or
absent clinical success believed to be a result of not instituting therapy prior to significant
clinical disease presentation or progression. This concept may have support with the
development of therapies that target mTOR. In animal models of temporal lobe epilepsy,
early inhibition of mTOR with rapamycin rather than late rapamycin administration
following epileptic activity achieved significantly greater protection against neuronal death
and the loss of neurogenesis (121). Furthermore, in animal models of AD, early inhibition of
the mTOR pathway fostered a higher tolerance against A injury (122), suggesting that
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modulation of mTOR pathways may have a temporal variable that can ultimately impact
clinical outcome.

Critical to the several considerations presented in developing strategies with mTOR for AD
is the understanding that the level of activity of mTOR may significantly affect the clinical
response. Although some studies suggest that inhibition of mTOR in models of AD can lead
to a reduction in BACEL (109), reduced senile plaque formation, and diminished Ap levels
(106), other work indicates the importance of mTOR activation to preserve cognitive
function (Table I). During oxidative stress injury, mTOR activation protects neuronal
networks controlling memory in the hippocampus (46). Activity of mTOR may be required
for long-term memory formation (97) and the reconsolidation phase of traumatic memory
(98). In addition, loss of MTOR activity can impair long-term potentiation and synaptic
plasticity in animal models of AD (100). It is therefore vital in the overall clinical design of
therapeutic targets for AD that focuses upon mTOR signaling that modulation of mTOR
activity achieves the goals of reducing or eliminating the accumulation of potential
neurotoxins such as AP, but in parallel also preserves or restores memory and cognitive
function for individuals suffering from neurodegenerative disorders, such as AD.
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Figure 1.
mTOR signaling in Alzheimer’s Disease. Activation of phosphoinositide 3-kinase (Pl 3-K)

following oxidative stress with mediators such as Ap leads to phosphorylation and activation
of protein kinase B (Akt). mMTORCL is composed of Raptor, the proline-rich Akt substrate
40 kDa (PRAS40), Deptor (DEP domain-containing mTOR interacting protein), and
mLST8/GBL (mammalian lethal with Sec13 protein 8, termed mLST8). mTORC1 is more
sensitive to the inhibitory effects of rapamycin than mTORC2. mTORC2 is composed of
mLST8, Deptor, the mammalian stress-activated protein kinase interacting protein (mSIN1),
and the protein observed with Rictor-1 (Protor-1). Akt can activate mTORCL1 through
phosphorylating TSC2 and disrupting the interaction between TSC2 and TSC1. TSC2 can
function as a GTPase-activating protein (GAP) converting a small G protein Ras homologue
enriched in brain (Rheb-GTP) to the inactive GDP-bound form (Rheb-GDP). AMPK
phosphorylates TSC2 to lead to increased GAP activity to turn Rheb-GTP into Rheb-GDP
and thus inhibits the activity of mMTORC1. mTORC2 activates Akt to enhance cell survival
and relies upon PKCa for cytoskeleton remodeling. mTORC2 also phosphorylates and
activates SGK1 that can control ion transport. mTORC2 through Akt phosphorylates P-Rex1
and P-Rex2 to foster Rac activation and cell migration. mLST8 can promote mTOR kinase
activity through p70 ribosomal S6 kinase (p70S6K) and the eukaryotic initiation factor 4E
(elF4E)-binding protein 1 (4EBP1). Ultimately, apoptosis, autophagy, and necroptosis can
be controlled by mTOR signaling such that during inhibition of mTOR with rapamycin,
autophagy and necroptosis can be initiated. mTORC1 activation usually blocks apoptosis.
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Table |

mTOR signaling in Alzheimer’s disease (AD).

Target pathways Biological outcome

Apoptosis mTOR functions with multiple pathways that include PI 3-K, Akt, forkhead transcription factors, PRAS40, and p70S6K
to prevent apoptotic cellular death in AD.

Autophagy mTOR phosphorylates the mammalian homologue Atg13 and the mammalian Atgl homologues ULK1 and ULK2 to

Necroptosis

Memory formation

Neuronal injury

Amyloid (AB)

block autophagy. In some models, mTOR inhibition that results in the induction of autophagy leads to improved
cognitive function in animal models of AD. Yet, other models suggest that inflammatory stressors accompanied by
autophagy activation may precipitate the pathology of AD.

In animal models that exhibit components of AD, inhibitors of necroptosis prevent neuronal cell death and improve
memory function, suggesting that necroptosis also contributes to AD pathology.

mTOR fosters dendritic protein synthesis in hippocampal neurons and is necessary for memory formation and
consolidation. Reduction in mTOR signaling occurs in patients with AD. Loss of mTOR signaling in animal models of
AD leads to impaired long-term potentiation and synaptic plasticity.

Loss of mTOR in conjunction with other pathways, such as RB1CC1, in AD patients leads to neuronal apoptosis and
neuronal atrophy. Cellular protection against the toxicity of Af also may require mTOR modulation in conjunction with
TSC2, PRAS40, BAD, and Bel-xL.

Increased mTORC1 activity may be necessary to decrease BACE1 and reduce A generation in AD. However, other
studies suggest that inhibition of mMTOR can enhance Af clearance in cell lines and animal models of AD. Repression of
Ap production also may require inhibition of Akt and mTOR with the concomitant activation of AMPK.
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