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Abstract
Signaling by target of rapamycin (mTOR in mammals) has been shown to modulate lifespan in
several model organisms ranging from yeast to mice. In mice, reduced mTOR signaling by
chronic rapamycin treatment leads to lifespan extension, raising the possibility that rapamycin and
its analogs may benefit the aging brain and serve as effective treatments of age-related
neurodegenerative diseases. Here, we review mTOR signaling and how neurons utilize mTOR to
regulate brain function, including regulation of feeding, synaptic plasticity and memory formation.
Additionally, we discuss recent findings that evaluate the mechanisms by which reduced mTOR
activity might benefit the aging brain in normal and pathological states. We will focus on recent
studies investigating mTOR and Alzheimer s disease, Parkinson s disease, and polyglutamine
expansion syndromes such as Huntington s disease.
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Part I: regulation and function of mTORC1
1.1 Introduction

Aging is a major risk factor for neurodegenerative disease. Studies in model organisms
ranging from yeast to mice have shown that lifespan can be extended by reducing TOR
activity (Stanfel et al, 2009), raising the possibility that interventions that reduce TOR
signaling might delay or reduce the pathology of age-related neurodegenerative disorders.
However, recent studies have also shown that TOR activity contributes to several functions
of the adult brain; activation of TOR contributes to processes such as synaptic plasticity and
metabolic regulation. Thus, the roles of TOR activity in normal brain functions should be
considered when evaluating the therapeutic potential of reduced TOR activity. Here, we will
discuss cellular and neuronal regulation of TOR, the role of TOR activity in synaptic
plasticity, memory formation, and feeding behavior. We will then discuss how TOR activity

© 2010 Elsevier Inc. All rights reserved.
4To whom correspondence should be addressed: bkennedy@buckinstitute.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Exp Gerontol. Author manuscript; available in PMC 2012 September 02.

Published in final edited form as:
Exp Gerontol. 2011 ; 46(2-3): 155–163. doi:10.1016/j.exger.2010.08.030.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



may be altered in neurodegenerative diseases, and review studies examining the potential
benefits of reducing TOR activity in several models of neurodegeneration.

1.2 Rapamycin selectively inhibits mTORC1
TOR genes were first described in yeast as the pharmacological targets of the microbicide
rapamycin (Heitman et al., 1991). TORs were subsequently described other invertebrate and
vertebrate organisms. TOR is a member of the phosphoinositol kinase related kinase (PIKK)
family of kinases, although TOR phosphorylates proteins on serine and threonine residues.
In yeast, nematodes, flies, and mammals, TOR exists in two functionally distinct complexes
(TORC1 and TORC2.) TORC2 contains specific proteins including rictor, is involved in
cyctoskeletal remodeling (Cybulski and Hall, 2009) and is required for activation of Akt
(Sarbassov et al., 2005). TORC1 also contains specific proteins including raptor, and is
involved in translation, energy regulation, autophagy, and cell growth. TORC1 is the
primary target of inhibition by rapamycin and will be the subject of this review. Rapamycin
is produced by the bacterium Streptomyces hygroscopicus. The drug gets its name from its
habitat: soil samples from Rapa Nui (Easter Island; Sehgal, 2003). Rapamycin selectively
inhibits TORC1 activity by forming a trimolecular complex with mTOR and FKBP12.
Rapamycin and its analogs have proved to be a useful tool in elucidating the functions of
mTORC1. Of note, increasing evidence suggests that chronic rapamycin exposures results in
TORC2 inhibition likely through indirect mechanisms (Sarbassov et al., 2006).

Rapamycin treatment has been shown to extend lifespan in a wide range of models,
including yeast, C. elegans, D. melanogaster, and mice (Vellai et al, 2003; Kapahi et al,
2004; Kaeberlein et al, 2005; Harrison et al, 2009). These findings have generated interest in
rapamycin and its derivatives as potential treatments for age-related diseases, including
neurodegenerative syndromes. However, mTORC1 activity also regulates aspects of normal
brain function. Thus, the potential benefit of TOR inhibition as a treatment for
neurodegerative disease must be considered along with its potential for disrupting normal
brain function. TORC1 plays a role in brain development, as reviewed previously (Jaworski
and Sheng, 2006; Swiech et al., 2008). Here, we will discuss the role of TOR signaling in
adult brain functioning.

1.3 Regulation of mTORC1 in mammalian cells
In mammalian cells, enhanced mTORC1 function is mediated through activation of
receptors for growth factors, hormones, and cytokines. For example, binding of insulin to
the insulin receptor recruits insulin receptor substrate (IRS) and the regulatory subunit of
type I phosphoinositol 3-kinase (PI3K). These events activate the catalytic subunit of PI3K,
generating the production of phosphatidylinolitol (3,4,5)-triphosphate (PIP3). PIP3 recruits
PDK1 and Akt to the membrane, allowing PDK1 to phosphorylate Akt. This event allows
for a second phosphorylation of Akt by mTORC2. This dual phosphorylation stabilizes and
activates Akt s kinase activity, which in turn promotes cel l growth and survival through its
numerous targets (Scheid and Woodgett, 2001). In addition, Akt removes inhibitory
constraint of mTORC1 signaling by phosphorylating TSC2 and PRAS40 (Inoki et al., 2002;
Potter et al., 2002; Vander Haar et al., 2007). TSC2 (and TSC1) act as GTP activating
proteins (GAPs) to inhibit Rheb, a kinase which activates mTORC1. Phophorylation of
TSC2 by akt inhibits the GAP activity. PRAS40 binds and prevents mTORC1 activity and
phosphorylation of PRAS40 by Akt releases it from the complex (Vander Haar et al., 2007).
In addition to PI3K activation, insulin receptor activation can trigger ERK/MAPK signaling
through ras activation. Ras activates raf, and raf phosphorylates and activates MEK, which
in turn activates ERK1 and ERK2. ERK1/2 can phosphorylate and inhibit TSC2, and so,
along with akt signaling, MAPK can remove inhibition of mTORC1 activity.
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In addition to extracellular stimuli, mTORC1 is responsive to internal cellular signals. For
example, when cellular energy is low, AMPK can activate TSC2 and drive inhibition of
mTORC1. ATP is the main source of cellular energy, and as energy is expended, levels of
AMP accumulate. Increasing levels of AMP allow for the activation of AMPK by LKB1
(Hardie, 2008), while glycogen, a cellular energy reserve, can bind and inhibit AMPK.
Activated AMPK can phosphoryate and promote the GAP activity of TSC2, thereby
reducing TORC1 activity. Furthermore, AMPK can phosphorylate raptor, removing it from
the TORC1 complex and disabling TORC1 activity. Through AMPK, mTORC1 activity
responds to the cell s current and short-term energy availability.

The activity of mTORC1 is also sensitive to nutrient availability. Increasing the cellular
concentration of amino acids activates mTORC1, although the mechanism by which it does
so has not been fully described (Wang and Proud, 2009). Activity of mTORC1 is responsive
the levels of essential amino acids, such as leucine. Amino acid stimulation of mTORC1
occurs downstream of the TSC1/2, since mTORC1 activity still responds to amino acid
levels in cells lacking TSC2. Activation of mTORC1 by amino acids is thought to require
MAP4K3, a map kinase kinase (Findlay et al., 2007), and the Rag GTPases (Sancak et al.,
2008).

1.5 Actions of mTORC1 in mammalian cells
Perhaps the best characterized action of the mTORC1 pathway is its regulation of translation
initiation. Mammalian TORC1 stimulates translational activity by phosphorylating two
targets, 4E-BP and S6K. Phosphorylation of 4E-BP by mTORC1 releases 4E-BP from
eiF4E. This allows eiF4E to associate with eiF-4G leading to the formation of the eiF-4F
complex, which facilitates the loading of ribosomes onto mRNA. Mammals have 3 isoforms
of 4E-BP; 4E-BP2 is the main 4E-BP in the mammalian brain (Banko et al., 2005).
Phosphoryation of the S6Ks by mTOR also promotes translation initiation. The S6Ks take
their name for their ability to phosphorylate the ribosomal protein S6. While S6
phosphorylation correlates with translational activity, there is controversy as to what
contribution S6 phosphorylation makes to modify translational activity (Ruvinsky and
Meyuhas, 2006). S6K promotes initiation by phosphorylation of eIF4B and regulates the
elongation phase of translation through phosphoryation of eEF2 kinase. Since eEF2 kinase
down regulates eEF2, the actions of S6K1 promote eEF2 s role in elongation.

One consequence of mTORC1 activation is enhanced ribosome biogenesis and levels of
translation machinery. While mTORC1 promotes CAP-dependent translation, the 5 TOP
mRNAs are preferentially sensitive to mTORC1 activity and include messages that encode
ribosomal proteins and translational machinery such as elongation factors (Ruvinsky and
Meyuhas, 2006). Thus, translational initiation activity regulated by mTORC1 can increase
the cell s capacity to generate new proteins. Additionally, mTORC1 activity promotes
ribosome biogenesis, and rapamycin inhibits transcription of ribosomal RNA genes,
ribosomal protein genes, and transfer RNA genes.

Another activity of mTOR is the suppression of macroautophagy (autophagy). Autophagy
degrades material; cyctosolic material and organelles are engulfed in a double membrane
bound vesicle and shuttled to the lysozome. By degrading existing proteins, one result of
autophagy is to increase available amino acids for the synthesis of new proteins. Another
important contribution is the turnover of damaged molecules and organelles. Thus, from a
more holistic perspective, mTORC1 can be thought of as regulating the balance between
protein synthesis and turnover.
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1.6 mTORC1 and lifespan
Dietary restriction is an intervention known to increase lifespan in model organisms,
including yeast, nematodes, flies, and mice (Stanfel et al., 2009). Dietary restriction has
recently been demonstrated to extend lifespan in non-human primates (Colman et al., 2009),
suggesting that similar interventions may benefit human lifespan. Dietary restriction has
been shown to reduce TORC1 activity, and genetic or pharmacological reduction of TOR
activity is sufficient to extend lifespan (Stanfel et al., 2009). Furthermore, dietary restriction
fails to extend lifespan when TOR activity is reduced in yeast, nematodes, or flies (Hansen
et al., 2008; Kaeberlein et al., 2005; Kapahi et al., 2004). Thus, data from experiments in
these models suggest that dietary restriction may modulate lifespan through suppression of
TOR activity, or that rapamycin and dietary restriction benefit lifespan through overlapping
mechanisms.

New evidence demonstrates that pharmacological disruption of mTORC1 is sufficient to
extend lifespan in mice as well. The NIA s Aging Intervention Testing Program has recently
identified mTOR as a pharmacological target to increase longevity in mice (Harrison et al.,
2009). The most surprising aspect of this study was that rapamycin treatment was effective
at increasing lifespan even though treatment began at 600 days of age, which the authors
point out is the equivalent of 60 years in humans. Additional evidence that the mTOR
pathway is important for lifespan in mammals is the recent observation that mice lacking
S6K1 have increased lifespan (Selman et al., 2009). Since S6K1 is activated upon
phosphorylation by mTOR, this observation further demonstrates the importance of this
pathway. These mice have also been shown to have resistance to diet-induced obesity (Um
et al., 2004), a trait associated with longevity in mice.

Part II neuronal mTORC1
2.1 Regulation of mTORC1 in neurons

In neurons, increased mTORC1 activity can result from several stimuli, including growth
factors such as brain derived neurotrophic factor (BDNF), cytokines such as leptin, influx of
calcium, and neurotransmitters through activation of G protien coupled receptors (GPCRS)
or ionotropic receptors (Swiech et al., 2008).

One important trigger for activation of mTORC1 is influx of calcium through membrane
channels. Calcium influx can result from increased neural activity, for example, through the
opening of voltage gated calcium channels or NMDA receptors. Calcium/calmodulin can
activate ras, which in turn can stimulate ERK/MAPK and PI3K. Calcium/calmodulin may
also directly activate regulatory PI3K. Furthermore, calcium/calmodulin can stimulate
calcium-stimulated adenyly cyclases, generating the secondary messenger cAMP. In
neurons, cAMP can trigger ERK/MAPK signaling through activation of PKA and EPAC.
Finally, stimulation of Gq, and Gi coupled GCPRs can all lead to stimulation of mTORC1.
Beta/gamma subunits of G proteins coupled to GPCRs can activate PI3K. So while Gs
stimulation has the potential to stimulate mTORC1 in a cAMP and ERK/MAPK dependent
manner, Gi can inhibit cAMP production and still activate mTORC1. Thus, the crosstalk
between cAMP, ERK/MAPK, and PI3K pathways allow for mTORC1 to be activated by a
range of stimuli (Figure 1).

Recently, Hoeffer et al (2008) identified a role for FKBP12 in the regulation of mTORC1
activity. A traditional FKBP12 knockout mouse is inviable, so a conditional knockout was
generated that lacked FKBP12 specifically in the hippocampus. Removal of FKBP12
increased the association of raptor to mTOR without altering the total levels of either
protein. This increased mTOR/raptor association was accompanied by elevated mTORC1
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activity, suggesting an endogenous role of FKBP12 for opposing mTORC1 activity by
limiting mTORC1 complex formation.

2.3 mTORC1 and Synaptic Plasticity
Learning and memory are thought to be mediated by altering the strength or number of
connections (synapses) between neurons. Given the complexity of the brain, our
understanding of the mechanisms by which neurons alter their connectivity has benefited
greatly from in vitro tissue preparations that model synaptic plasticity. A large body of work
has tried to enumerate the mechanisms by which physiological or chemical stimulation can
increase (potentiation) or decrease (depression) the electrophysiological response of
neurons. Two well-modeled forms of synaptic plasticity include long-term potentiation
(LTP) and long-term depression (LTD).

De novo protein synthesis has a well defined role in LTP and LTD. For both processes, there
exists an early phase and a late phase with distinct molecular requirements. For example, in
rodent hippocampal tissue preparations, induction of multiple trains of tetanic stimulation to
the Schaffer Collateral (a connection between the CA3 and CA1 regions of the
hippocampus) results in an elevated response to stimulation that can last for hours.
Requirements for the induction of early-phase LTP include the passage of calcium through
NMDA receptors and activation of Calcium/calmodulin depent protien kinase II (CamKII).
Extension beyond the early-phase of LTP requires activation of cAMP and ERK/MAPK
signaling, CREB-mediated transcription, and de novo protein synthesis (Xia and Storm,
2005).

The mTORC1 pathway likely contributes to synaptic plasticity by regulating protein
synthesis. mTORC1 is required for late-phase LTP, since application of rapamycin
specifically attenuates late-phase LTP in Schaffer-collateral preparations (Tang et al, 2002).
Furthermore, stimuli that induce LTP activate mTOR in a PI3K and ERK/MAPK dependent
manner (Gobert et al., 2008; Kelleher et al., 2004; Tsokas et al., 2005; Tsokas et al., 2007).
The induction of LTP leads to mTORC1-dependent translation, including translation of 5
TOP containing mRNAs (Tsokas et al., 2005). Since 5 TOP messages include ribosomal
proteins and elongation factors, mTORC1 activation may prime further translation events in
the neuron. Additional mRNAs that are translated in response to mTORC1 activation have
well characterized roles in synaptic function and plasticity, and include NR1, CamKII alpha,
PSD95, Arc, and PKM zeta (Gong et al., 2006; Kelly et al., 2007; Lee et al., 2005; Schratt et
al., 2004).

2.4 mTORC1 and localized protein synthesis
If the brain is thought to store and encode information by adjusting specific connections,
then a challenge to understanding molecular mechanisms of learning and memory is
identifying how neurons might specifically modulate some synapses while leaving others
unaltered. A potential mechanism has been termed synaptic tagging, where by a local,
persistent protein modification might serve as a marker for where long-term synaptic
alterations must occur. Additionally, localized protein synthesis might support such as
function, whereby proteins required for plasticity are synthesized in the vicinity of the
activated synapse.

Mammalian TORC1 can facilitate local protein synthesis. Dendrites contain numerous
mRNAs encoding proteins influencing synaptic function (Bramham and Wells, 2007).
Dendritic localization is likely not a result of passive diffusion from the soma since
localization of mRNA in neurons can depend on sequences in the 3 untranslated region of
mRNA (Miller et al., 2002). Furthermore, synaptic activity recruits ribosomes from the
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dendritic shaft to spines (Ostroff et al., 2002), thus mobilizing the ribosome to the synapse.
Polysome analysis in cultured neurons has demonstrated that stimulation of mTORC1 by
BDNF increases translational activity in synapatosomes (Schratt et al., 2004). BDNF
increased the amount of mRNA bound to ribosomes at the synapse. This increase was not
due to increased levels of total mRNA by BDNF, since neurons were co-treated with
actinomysin D, an inhibitor of general transcriptional activity. While rapamycin reduced
translation initiation, translation was not completely suppressed. Furthermore, rapamycin
only disrupted translation of a subset of messages, suggesting that other mechanisms
contribute to localized protein synthesis.

Additional evidence suggests a role for mTORC1-dependent synaptic translation stimulated
at the synapse. Protocols have been developed to induce LTP in preparations where
dendrites are separated from the soma and nucleus (Cracco et al., 2005; Vickers et al.,
2005). In these studies, general protein synthesis inhibitors or rapamycin prevented LTP
induction in these preps, illustrating how mTORC1-mediated protein synthesis in active
dendrites can be sufficient to modulate long lasting synaptic alterations. Further suggesting
the ability of mTORC1 to selectively activate regions of the neuron is the observation that
calcium stimulation results in localized pockets of mTORC1 activity as opposed to evenly
dispersed activation throughout the dendrite (Cammalleri et al., 2003).

Activation of mTOR can directly act at synapses to promote synthesis of proteins necessary
to facilitate plasticity, but mTOR may also modulate neural activity by suppressing
translation of specific messages. Kv1.1 is a potassium channel whose expression is induced
near in the dendrites during periods of low neuronal activity. Functional Kv1.1 lowers
neuronal activity. When cultured neurons are treated with rapamycin, Kv1.1 is synthesized
in dendrites. Furthermore, calcium stimulation of mTORC1 activity reduces levels of Kv1.1.
This observation suggests that mTORC1 supports neuronal activity both by the selective
promotion and suppression of translation of mRNAs (Raab-Graham et al., 2006).

2.5 mTORC1 and memory
Protein synthesis is a well established requirement for memory formation. Rodent models
have demonstrated that de novo protein synthesis is required to stabilize a short-term
memory into a long-term memory (Abel and Lattal, 2001). Rapamycin has been shown to
disrupt this process in several behavior paradigms. For example, cued fear conditioning is a
memory task where rodents form an association between an auditory tone and a food shock.
Formation of long-term fear memory was impaired when rapamycin was injected bilaterally
into the amygdala during training (Parsons et al., 2006). Rapamycin injection disrupted
memory performance 24 hours, but not 3 hours, after training (Hoeffer et al., 2008),
demonstrating that the animal could form the fear association and its accompanying short-
term memory. Thus, rapamycin specifically impaired the consolidation of the memory to
long-term storage. Rapamycin has been shown to disrupt consolidation of memories that
depend on other brain regions, including hippocampus-dependent spatial memory (Dash et
al., 2006), auditory cortex-dependent memory (Schicknick et al., 2008; Tischmeyer et al.,
2003), gustatory cortex-dependent memory for taste aversion (Belelovsky et al., 2009), and
prefrontal cortex-dependent trace fear memory (Sui et al., 2008).

Enhancing neuronal mTORC1 activity may improve memory function to an extent. Injection
of glucose into the hippocampus during training improved long-term spatial memory in an
mTOR-dependent manner (Dash et al., 2006). In an aforementioned model, removal of
FKBP12 in mouse hippocampal neurons increases the complex formation of mTORC1 and
its activity. Enhancing mTORC1 in this manner improved memory on tests for
hippocampus-dependent memory (Hoeffer et al., 2008). However, these mice also displayed
increased tendency for behavioral perseverance and repetition, characteristics associated
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with animal models of neurological disorders such as obsessive compulsive disorder and
schizophrenia.

Alternatively, increasing mTORC1 activity can disrupt memory processing. This has been a
proposed mechanism for memory loss caused by cannabinoids. In mice activation of CB1
receptors, the main endocannabinoid receptors in the brain, by THC disrupts formation of
hippocampus-dependent memory (Puighermanal et al., 2009). CB1 receptor activation by
THC on inhibitory GABAergic neurons increased hippocampal mTORC1 activity by
increasing excitatory neurotransmission in the hippocampus. Injection of low dose of
rapamycin along with THC removed memory impairment. Another important example of
memory deficits associated with overactive mTORC1 are human patients and animal models
of Tuberous Sclerosis. This condition stems from mutations in TSC1 or 2 that cause reduced
TSC1/2 and enhanced mTORC1 activity (Ehninger et al., 2009). In a transgenic mouse
model of tuberous sclerosis, rapamycin treatment rescued memory deficits (Ehninger et al.,
2008) suggesting that memory impairments are due, at least in part, to abnormal mTOR
signaling in adult neurons as opposed to developmental effects of the disease. Thus, while
mTORC1 activation is required for memory formation, unregulated mTORC1 signaling
disrupts memory function.

The requirement of mTORC1 activation for synaptic plasticity and the consolidation of
long-term memories should must be taken into account when evaluating the potential of
rapamycin to treat disease or extend lifespan. For example, while mice lacking S6K1 are
resistant to obesity and are long-lived, they display impaired memory function (Antion et al.,
2008). Furthermore, rapamycin can impair memory performance in several learning
paradigms. Prolonged treatment with rapamycin can lead to inhibition of TORC2, a concern
since PI3K signaling supports memory function (Chen et al., 2005; Lin et al., 2001). Thus,
cognitive function should be taken into account when designing rapamycin treatments.
However, recent observations suggest that doses of rapamycin that attenuate pathology in
disease models may be below the threshold to disrupt memory formation (Caccamo et al.,
2010; Spilman et al., 2010). Additionally, reports of human heart transplant patients taking
Everolimus, an mTORC1 inhibitor, as an immunosuppressant did not experience cognitive
impairment due to the drug (Lang et al., 2009). Since interventions do not necessarily effect
different memory functions equally (Mizuno and Giese, 2005), further work is required to
evaluate if beneficial levels of rapamycin leave memory function intact. Still, these data
suggest a strong possibility that inhibitors of mTORC1 may benefit health without
detrimental cognitive side-effects; specifically, there may be therapeutic dose ranges which
provide the benefits and avoid detrimental consequences.

2.6 Hypothalamic mTORC1 regulation of feeding behavior
Given how mTORC1 can respond to extracellular and intracellular signals regarding nutrient
and energy status, it should not be surprising that the brain utilizes mTORC1 signaling to
regulate food intake. The arcuate nucleus and paraventricular nucleus of the hypothalamus
in rats have a high level of phosphorylated S6K1, a marker for mTORC1 activity (Cota et
al., 2006). When rats are fasted, this signal decreases, demonstrating that this activity
reflects feeding status. Injecting the amino acid leucine intracerebroventricularly (ICV)
raised phospho-S6K1 levels in the arcuate nucleus and suppressed feeding behavior in fasted
rats. Infusion of rapamycin along with leucine removed this supression. Furthermore, leptin,
a circulating cyctokine that suppresses feeding, was shown to stimulate mTORC1 activity in
the hypothalamus. As with leucine, suppression of feeding by leptin required mTORC1
activity (Cota et al., 2006). Thus, hypothalamic mTORC1 activity can coordinate multiple
signals to regulate feeding behavior.
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A subsequent study demonstrated that hypothalamic mTORC1 regulates feeding behavior, at
least in part, through S6K1 (Blouet et al., 2008). Viral delivery of dominant negative (DN)
S6K1 into the hypothalamus increased feeding behavior of rats. Conversely, constitutively
active (CA) S6K1 suppressed feeding behavior. Rats with hypothalamic CA S6K1 were
resistant to weight gain when fed a high fat diet for 2 weeks. Interestingly, while S6K1 KO
are resistant to high fat diet induced obesity, S6K1 KO mice display increased feeding
behavior, as measured by food intake normalized to body weight (Um et al., 2004).

These data might suggest that increasing hypothalamic mTORC1 activity could be a strategy
for treatment of metabolic disorders. However, this notion is contradicted by a study which
chronically activated mTORC1 activity in POMC neurons of the hypothalamus by
conditional knock out of TSC1 (Mori et al., 2009). POMC neurons are found in the arcuate
nuclease of the hypothalamus and are activated by leptin to repress feeding behavior. POMC
TSC1 KO mice developed leptin resistance, increased feeding behavior and obesity.
Furthermore, these phenotypes were reversible by treatment with rapamycin, suggesting that
the metabolic phenotypes observed in POMC TSC1 KO were not due to developmental
alterations, but persistent mTORC1 overactivity. Since overfeeding and excess nutrient
intake result in elevated hypothalamic mTORC1 activity, this mouse may model changes in
the brain during the development of metabolic disorders. Together, studies examining
hypothalamic mTOR illustrate how acute mTOR activity responds to sufficient nutrient
levels and signals cessation of feeding behavior, and how chronic elevation of mTORC1
activity can contribute to complications associated with metabolic disorders and homeostatic
imbalance.

2.7 Other potential brain-specific functions of mTORC1
The ability of the mTORC1 pathway to rapidly and selectively translate mRNAs allows
neurons to utilize this pathway to produce long-term changes to various signals. This
suggests that mTORC1 likely contributes to other brain functions. For example, the
suprachiasmatic nucleus (SCN) is the master regulator of circadian rhythm, and can adjust
the circadian cycle in response to environmental cues. Recent work has demonstrated that
mTORC1-mediated translation in the SCN is required for circadian entrainment (Cao et al.,
2010). Since many functions of the brain require neurons to swiftly alter properties in
response to stimuli, more functional roles of neuronal mTOR signaling will likely be
identified.

Part III mTORC1 and the aging brain
3.1 Normal Brain Aging

Initial studies on aging and brain morphology beginning in the 1950 s reported an age-
associated loss of neurons. When these studies were corrected for technical issues such as
tissue processing and screening for healthy as opposed to diseased individuals, it appeared
that changes in the aging brain are much more subtle, (reviewed in Burke and Barnes, 2006).
Significant neuron loss is not seen in non-diseased aged individuals for most brain regions,
although there are exceptions; a notable one is the substantia nigra. In humans, the number
of dopaminergic neurons in this region decreases steadily with age (McGeer et al., 1977;
Rudow et al., 2008). In a similar vein, morphological changes of neurons that accompany
aging are subtle and vary by neuron type and region of the brain. Normal aging reduces the
number of dendritiic spines, dendritic arborization is increased in certain brain regions,
while remaining unchanged in others. As is the case with other cells in the body, damage
accumulates in neurons as aging progresses. Aged neurons are more sensitive to oxidative
stress, and accumulate increased levels of damaged proteins, phospholipids, and nucleic
acids (Mattson et al., 2002).
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Work with animal models also demonstrates changes in the aged brain. Tissue taken from
aged rodents shows altered plasticity. Aged neurons have slower cyctosolic calcium
clearance and higher resting concentration of cyctosolic calcium. Normal aging is
accompanied by reduced memory function, and signaling pathways that support memory
function are altered in the aged brain (Thibault et al., 2007; Toescu, 2005). Reductions in
cAMP levels, adenylyl cyclase activity, and CREB mediated transcription have all been
reported in aged rodent brain (Garelick et al., 2009; Mouravlev et al., 2006). Learning events
fail to trigger CREB activitation in neurons of aged animals to the same degree that is seen
in younger animals (Mouravlev et al., 2006). Another change associated with aging is
reduced adult neurogenesis. Neurogenesis occurs in the adult brain but is limited to the
dentate gyrus region of the hippocampus and the subventricular zone. There progenitor cells
continually divide and giving rise to cells that can develop into functional neurons. This
process continues through adult life but is reduced in normal aging.

3.2 mTORC1 and normal brain aging
As rapamycin has only recently been established to extend lifespan in mice, not much is
known about its effects on age-related phenotypes pertaining to the mammalian brain at
doses associated with delayed aging. It also remains to seen if the function of neuronal
mTOR changes throughout age. However, given the potential overlap between rapamycin
and dietary restriction as interventions to extend lifespan, results from dietary restriction
studies may predict potential benefits of rapamycin treatment for the aged brain. Since
dietary restriction and rapamycin treatment may extend life-span through overlapping
mechanisms, effects of dietary restriction on the aging brain could generate hypotheses
predicting the outcome of rapamycin treatment.

Dietary restriction has been shown to reduce phenotypes associated with advanced age in the
brain (Mattson et al., 2002). For example, this reduced feeding regimen leads to lower levels
of oxidative stress in aged neurons. Dietary restriction increases neurogenesis in the dentate
gyrus of the hippocampus in aged mice (Lee et al, 2000). Importantly, dietary restriction can
reduce pathology in models of age related neurodegeneration, including models of
Alzheimer s, Parkinson s, and poly-glutamine diseases. Another benefit of dietary restriction
could be memory improvement in aged rodents (reviewed by Mattson et al, 2002).

3.3 mTORC1 as a target for treating neurodegeneration
There are different hypothetical mechanisms by which rapamycin treatment might benefit
patients with age-related neurodegenerative disorders. First, rapamycin treatment extends
lifespan; if rapamycin can delay the aging process, it may delay or prevent
neurodegenaration by preserving a young phenotype of the brain. Alternatively, mTOR
inhibition might induce stress response pathways or altar metabolism in neurons allowing
them to be better equipped to survive the neurotoxic insults involved with neurodegenerative
diseases. Lastly, mTOR activity may be altered in these diseases, and this alteration may be
intrinsically linked to pathogenesis. These potential mechanisms need not be mutually
exclusive, and will be discussed in the examples below.

3.4 Alzheimer s disease
Alzheimer s disease is the most common neurodegenerative disorder and affects about 10%
of the population over the age of 70. Alzheimer s disease is the most common form of
dementia in the elderly (Mattson et al., 2002). As the disease progresses, Alzheimer s
patients lose memory, language, and can exhibit emotiona l disturbances. Patients in late
phase of Alzheimer's are completely dependent on others for care.
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Alzheimer s diseased brains are characterized by the presence of amyloid plaques and tau
tangles. While in most cases the cause of Alzhiemer s disease is unknown, a small fraction
of Alzheimer s cases are triggered by mutations in the genes coding for amyloid precursor
protein (APP) gene or in Presinilin. In both cases, these mutations result in processing of
APP leading to a higher level of Aβ342, a cleavage product of APP (LaFerla et al., 2007).
Additionally, mutations in the gene that encodes tau, a main component of tau tangles, lead
to inherited forms of neurodegeneration that contain neurofibulary tangles but not Aβ
plaques, such as frontotemporal dementias (Ballatore et al., 2007). The fact that mutated tau
can lead to tangle formation and neurodegeneration in diseases that do not feature amyloid
beta plaques, and the appearance of amyloid plaques before tau tangles in affected human
brains suggest that abnormal tau processing may be downstream of amyloid beta
accumulation in Alzheimer s disease pathology (Hardy and Higgins, 1992).

Studies examining human tissue report increased activation of the mTOR pathway in
affected brain areas in Alzheimer s diseased brains compared to non-diseased control tissue
(Li et al., 2005). However, this increase in mTOR activation is accompanied by a reduction
in translational activity (Langstrom et al., 1989), a decrease in ribosomal material, and an
increase in oxidative-damaged ribosomal RNA (Ding et al., 2005). These changes in
mTORC1 activity and translation were limited to brain regions affected with Alzheimer s
pathology. Yet while analysis suggests that overal l translation is decreased, levels of certain
proteins can accumulate, including tau. Interestingly, activation of mTORC1 can promote
translation of tau (An et al., 2003; Li et al., 2005).

There is a lack of consensus of how mTORC1 might become activated in Alzheimer s
disease and how it may contribute to pathogenesis. Cell culture models have been mixed
examining the roles of Aβ, with some models reporting that Aβ decreases mTORC1
signaling, and others reporting an increase (reviewed by Swiech et al, 2008). Studies
examining tau are also conflicting. As stated before, mTOR activity can increase levels of
tau protein production, suggesting that activation of mTORC1 may be upstream of tau
pathology. Conversely, in a drosophila model of tauopathy, overexpression of wild-type or
mutant tau induced mTORC1 activity, neural cell cycle activation, and neurodegeneration
(Khurana et al., 2006). This feature recapitulated an aspect of Alzhimer s; abnormal
expression of cell cycle markers and tetraploidy have been observed in neurons form
autopsied Alzhiemer s brains (Husseman et al., 2000; Yang et al., 2001). Rapamycin
treatment to flies expressing mutant tau prevented the abnormal cell cycle activation and
neuron death (Khurana et al., 2006). This suggests that elevated mTORC1 may drive
neurodegeneration in Alzheimer s disease.

In addition to rapamycin s ability to ameliorate pathology in the fly model, two recent
reports demonstrate that rapamycin can benefit mouse models of Alzheimer s disease. The
triple transgenic mouse model of Alzheimer s disease contains mutations in PS1, APP, and
tau (Oddo et al., 2003). While mouse models of Alzheimer s disease don t display the
widespread loss of neurons seen in human cases, the triple transgenic mice experience
progressive neuron loss and develop extracellular Aβ plaques and tau tangles. These mice
model also develop impaired hippocampus-dependent memory. Another mouse model of
Alzheimer s, PDAPP, has mutant APP that leads to the generation of amyloid beta plaques
and memory impairments (Games et al., 1995). In both models,the rapamycin feeding
regimen shown to extend life span in mice (Harrison et al., 2009) reduced pathology
(Caccamo et al., 2010; Spilman et al., 2010). Both studies demonstrated that rapamycin
treatment increased markers of autophagy in neurons, and reduced levels of Aβ and plaques.
Tangle formation was reduced in the triple transgenic mouse. In both studies, rapamycin
feeding rescued memory impairments in the diseased mice. Importantly, rapamycin feeding
did not impair memory in non-transgenic control mice, suggesting that levels of rapamycin
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that induce autophagy and improve pathology in Alzheimer s models do not disrupt
mTORC1 activity that is required for memory function in these paradigms.

3.5 Parkinson s disease
Parkinson s disease is the second most common neurodegenerative disorder, and affects up
to 1 % of the elderly population. Parkinson s disease is characterized by a loss of dopamine
(DA) producing neurons in the substantia nigra (SN) and intraneuronal inclusions termed
Lewy bodies. The symptoms of Parkinson s disease include a difficulty in starting or
continuing movements termed bradykinesia, rigidity, and involuntary tremors.
Approximately 5-10% of Parkinson s disease cases are inherited. The familial forms of
Parkinson s stem from autosomal dominant mutations in SCNA and LRRK2, and from
autosomal recessive mutations in PARKIN, PINK1, and DJ1. SCNA encodes alpha
synuclein, a major component of Lewy bodies. Additionally, chemicals that are selectively
toxic to DA neurons have been identified, and include 6-OHDA, MPTP, and the pesticides
rotenone and paraquat (Betarbet et al., 2002).

Studies suggest there may be a complex relationship between pathology observed in
Parkinson s disease and mTORC1 activity. REDD1, a protein that inhibits TOR activity, is
increased in the substantia nigra of MPTP treated mice and in human Parkinson s patients
(Malagelada et al., 2006). When Parkinson s disease was then modeled in PC12 cells, a
catecholaminergic cell line that shares sensitivity to toxins associated with Parkinson s,
REDD1 could be induced by 6-OHDA treatment, a drug that induces dopaminergic cell
death. Treatment with siRNA against REDD1 blunted the toxicity of 6-OHDA to PC12 cells
and increased mTORC1 activity in these cells. Furthermore, increasing the activity of
mTORC1 by silencing TSC2 also reduced 6-OHDA toxicity, suggesting that increasing
mTORC1 activity could be protective (Malagelada et al., 2006).

However, a follow up study from the same group demonstrated that rapamycin could also
reduce 6-OHDA toxicity in PC12 cells (Malagelada et al., 2010). Importantly, rapamycin
treatment increased survival of DA neurons in the SN in mice treated with MPTP. Further
investigation with the PC12 cell model demonstrated REDD1 was translated in an mTORC1
dependent manner. Additionally, REDD1 disrupted mTORC2-mediated activation of akt,
and activation of this kinase has been shown to reduce apoptosis in models of Parkinson s
associated cell death (Hsuan et al., 2006). Taken together, these studies suggest a
complicated relationship between mTORC1 and Parkinson s pathology. While decreasing
mTORC1 may have protective effects in diseased cells, decreasing mTORC1 could be
beneficial at the expense of other pro-survival pathways. For example, activation of S6K1
has been shown to be anti-apoptotic under some conditions (Harada et al, 2001).

Other data has suggested that rapamycin might benefit Parkinson s patients. Alpha synuclein
is observed in Lewy bodies, and mutations in alpha synuclein are associated with inherited
forms of Parkinson s disease. Alpha synuclein can be degraded by the ubiquitin proteosome
pathway and by autophapgy (Webb et al., 2003). When autophagy is inhibited in cell
culture, A53T alpha synuclien levels increased more than wild-type alpha synuclein,
suggesting that pathological mutations of alpha synuclein, which are more aggregate prone
than wild-type, depend on autophagy for clearance (Webb et al, 2003). Furthermore,
rapamycin facilitated clearance of both wild-type and mutant alpha synuclein. In an SH-
SY5Y cell culture model, cells treated with rotenone had reduced apoptosis when co-treated
with rapamycin (Pan et al., 2009). The rapamycin-conferred protection was reduced when
cells were treated with siRNA against ATG5, a requirement for autophagy induction. These
results suggest that rapamycin may be beneficial in several models of Parkinson s disease
through the induction of autophagy.
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Another mechanism by which rapamycin may benefit Parkinson s disease could be through
reducing levels of translational initiation. In the Pink1 and Park2 mutant Drosophila models
of PD, rapamycin treatment rescued aspects of the fly pathology, including muscle
degeneration and DA neuron death (Tain et al., 2009). Since mTORC1 reduces 4E-BP
activity, the drosophila 4E-BP, Thor, was over-expressed to mimic rapamycin s effects of
4E-BP. 4E-BP over-expression also reduced pathology in the Pink1 and Park2 mutant
drosophila, suggesting that rapamycin s effects were mediated through reduction of
translation initiation. Furthermore, the benefits of 4E-BP over-expression did not require
ATG5, suggesting that reduced translation initiation is beneficial independently from
autophagy. Both rapamycin and 4E-BP overexpression increased levels of Drosophila
glutathion-S-transferase, an enzyme whose activity can suppress Park2 toxicity. Thus, work
in Drosophila suggests that reducing translational activity can up-regulate expression of
proteins that protect against cellular stress. Taken together, these studies suggest that
rapamycin may have therapeutic value for the treatment of PD through several of its actions.

Interestingly, a recent report suggests that rapamycin might be useful to alleviate side effects
of L-DOPA, a common treatment for Parkinson s (Santini et al., 2009). L-DOPA is a
dopamine precursor, and administration of L-DOPA increases the production of DA in the
remaining substantia nigra neurons, compensating for the loss of DA neurons and improving
motor ability. However, extended treatment can lead to L-DOPA induced dyskinesia. Mice
with unilateral SN 6-OHDA lesions were treated with L-DOPA, an animal model of L-
DOPA induced dyskinesia. L-DOPA activated ERK/MAPK and mTOR signaling in a subset
of neurons in the striatum, a region that regulates motor behavior and receives projections
from the substantia nigra. In these neurons, GABAergic medium spiny neurons containing
D1 receptors, L-DOPA had previously been shown to altar synaptic plasticity (Picconi et al.,
2003). Co-administration of rapamycin along with L-DOPA prevented the increase of
mTORC1 activity in D1 containing neurons. More importantly, rapamycin reduced episodes
of dyskinesia in mice treated with L-DOPA. Together, these results suggest that rapamycin
might benefit both symptoms and pathology in patients with Parkinson s disease.

3.6 Huntington s Disease
Huntington s disease and related poly-glutamine expansion disease are heritable. CAG
expansion occurs within the genes, and when an allele has expanded beyond a specific
threshold (above 34 repeats in Huntington s disease), the allele produces neurodegeneration.
The number of repeats can determine the severity of the disease; longer repeats result in
more severe disease with earlier onset. Huntington s is the most common poly-glutamine
repeat disease, and symptoms include involuntary movements and progressive cognitive
disfunction (Walker, 2007). Poly-glutamine expanded proteins aggregate and form inclusion
bodies.

In animal models as well as in diseased human tissue, markers of mTORC1 activity are
decreased in affected cells. This could be due to the fact that mTOR is found in inclusions
bodies in human tissue and well as in tissue from mouse models (Ravikumar et al., 2004),
suggesting that incorporation into inclusion bodies sequesters mTOR and precludes its
activity. The reduced mTOR activity is accompanied by an upregulation of autophagy. This
may be a protective mechanism for the cell; increasing mTOR activity in a cell culture
model of Huntington s reduces autophagy and increases toxicity of mutant huntingtin
(Ravikumar et al., 2004).

The huntingtin protein can be degraded by the ubiquitin proteosome pathway or by
autophagy. As with other proteins implicated in neurodegenerative diseases, degradation of
the aggregate prone expanded species relies more on autophagy than the non-expanded one
(Ravikumar et al., 2002).
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Rapamycin treatment reduces polyglutamine neurotoxicity in several disease models. Ross/
Borchelt mice, mice expressing huntingtin with 82 glutamine repeats were treated with
rapamycin with a regimen that began before disease phenotypes appeared. This strategy
induced autophagy in neurons and reduced the number of inclusions in tissue. More
importantly, rapamycin treatment improved motor deficits associated with the disease
(Ravikumar et al., 2004). Rapamycin also reduces toxicity in drosphila models of
polyglutamine diseases (Berger et al., 2006; Pandey et al., 2007; Ravikumar et al., 2004). In
drosophila models, rescue by rapamycin was blunted when levels of atg1 (Berger et al.,
2006) or atg12 (Pandey et al., 2007), factors critical for autophagy, were knocked down.
However, work in a cell culture model of Huntington s suggested that reduction of
translation initiation can also contribute to the protective effects of rapamycin (King et al.,
2008). These studies suggest that rapamycin benefits models of polyglutamine expansion
diseases through the clearance and reduction of pathogenic protein species.

Part IV Conclusions
Since many neurodegenerative diseases are associated with accumulation of misfolded or
aggregate prone proteins, rapamycin may be particularly relevant to neuronal health.
Rapamycin both slows translation of new proteins and induces autophagy. Slowing down
the rate of protein synthesis may make the cell more effective and clearing and removing
misfolded or damaged proteins. Additionally, slowing protein synthesis may be a cue for
neurons to upregulate machinery to cope with damaged protiens, oxidative damage, and
other stressors. Beyond slowing the production of proteins, the induction of autophagy by
rapamycin can clear damaged organelles or proteins that are resistant to degradation by the
proteosome. Furthermore, brain specific removal of ATG5 or ATG7 (Hara et al., 2006;
Komatsu et al., 2006), requirements of autophagy, are sufficient to induce
neurodegeneration in mice, suggesting that autophagy is required for normal maintenance in
neurons. Thus, the duel actions of rapamycin on protein turnover may support neuronal
well-being by slowing production and increasing removal of damaged material.

In healthy neurons, the mTORC1 signaling pathway can respond to a variety of stimuli and
trigger appropriate, long-lasting responses. The mTORC1 pathway is involved in synaptic
plasticity, in part by coordinating the timing and location for the synthesis of new proteins.
mTOR activity is used by the brain to monitor nutrient status, regulate feeding and
consolidate long-term memories. However important the role of mTORC1 activity in the
healthy brain, evidence is mounting that the diseased brain may benefit from reducing
mTOR activity. Treatment with rapamycin benefits a range of models for Alzheimer s
disease, Parkinson s disease, and poly-glutamine expansion diseases. Further characterizing
mechanisms by which rapamycin and its analogs reduce toxicity should yield promising
potential therapies for these diseases: treatments that may alleviate pathology while sparing
mTOR s ability to support normal brain function.
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Figure 1.
Activation of mTORC1 in neurons. A) mTORC1 activation by LTP-inducing stimulus.
Tetanic stimualation results in depolarization and opening of NMDA receptor channels. The
resulting influx of calcium triggers activation of PI3K, ERK/MAPK, and cAMP/PKA
pathways. Resulting activation of ERK1/2 and Akt inhibit TSC1/2, removing constraint on
Rheb kinase. Akt activation also serves to remove inhibition of the mTORC1 complex by
PRAS40. Removal of these constraints allow for mTORC1-depend phosphorylation of S6K
and 4E-BP2, which promotes translation, including for mRNAs with known functions in
synaptic function. B) mTORC1 activation in the hypothamalus can suppress feeding
behavior. Leptin activates JAK/STAT and PI3K signaling pathways. As above, PI3K
activity can remove inhibition of mTORC1 activity. In addition, aminio acids can increase
mTORC1 activity in part through the inhibition of TSC2. Activation of mTORC1 suppresses
feeding behavior in an S6 kinase dependent manner.
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