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Abstract

Neuronal development and synaptic plasticity are highly regulated processes in which protein
kinases play a key role. Recently, increasing attention has been paid to a serine/threonine protein
kinase called mammalian target of rapamycin (mTOR) that has well-known functions in cell pro-
liferation and growth. In neuronal cells, mTOR is implicated in multiple processes, including
transcription, ubiquitin-dependent proteolysis, and microtubule and actin dynamics, all of which
are crucial for neuronal development and long-term modification of synaptic strength. The aim of
this article is to present our current understanding of mTOR functions in axon guidance, dendritic
tree development, formation of dendritic spines, and in several forms of long-term synaptic plas-
ticity. We also aim to present explanation for the mTOR effects on neurons at the level of mTOR-

regulated genes and proteins.
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Introduction

Neuronal development and synaptic trans-
mission are plastic processes that are influenced
by changing extracellular and intracellular con-
ditions. Protein kinases are crucial for regula-
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tion of these phenomena and several of them—
for example, mitogen-activated protein kin-
ases (MAPKSs) (1,2), phosphoinositide-3” kinase
(PIBK) (3-6) and calcium /calmodulin-dependent
kinases (CaMKs) (7-11)—have well-established
roles in both neuronal development and synap-
tic plasticity. Recently, there has been growing
interest of neuroscientists in a serine/threonine
protein kinase called mammalian target of
rapamycin (mTOR) that is known for its role in
cell proliferation and growth in non-neural
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cells. Although neurons are postmitotic (non-
proliferative), the size of the neuronal cell soma
is controlled by mTOR (12).

Regarding molecular mechanism, mTOR is
believed to act primarily by phosphorylating
elF-4E binding protein (4E-BP) and p70 riboso-
mal S6 protein kinase (p70S6K), which are
important regulators of protein translation
(13). However, “chemical genomics” per-
formed on yeast identified 400 mutants whose
phenotype (measured as rate of survival) was
changed in the presence of rapamycin, a spe-
cific inhibitor of mTOR (14,15). Gene expres-
sion profiling of Drosophila melanogaster cells
treated with rapamycin further confirmed a
large number of genes with expression that is
down- or upregulated by mTOR inhibition
(16). Analysis of these rapamycin-dependent
mutants has suggested that mTOR might be
involved in additional cellular functions such
as transcription, ubiquitin-dependent proteol-
ysis, and microtubule stability (14-16).

Because of its widespread role in cell physi-
ology, the involvement of mTOR in the regula-
tion of neuronal development and synaptic
plasticity has been underinvestigated and
poorly understood. However, several recent
findings have pointed to mTOR as one of the
crucial regulators of different stages of neu-
ronal development as well as some forms of
long-term modification of synapses. This arti-
cle reviews the current advances in our under-
standing of mTOR function in axon guidance,
dendrite development, dendritic spine mor-
phogenesis, and several forms of long-term
synaptic plasticity. It also discusses the known
and potential molecular pathways by which
mTOR exerts its effect on neurons. However,
because of very diverse activities of mTOR, our
knowledge about molecular targets of mTOR
in neurons is far from complete.

mTOR and Signal Transduction
mTOR kinase is a major regulator of cellular

metabolism involved in growth of non-neural
cells. In neurons, however, it appears to play a
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broader role. Several excellent reviews pub-
lished recently have discussed the signal trans-
duction pathways that involve mTOR activity,
the cellular processes regulated by mTOR, as
well as proteins that interact with mTOR
(17-20). Therefore, this article provides only a
brief summary of this knowledge that is indis-
pensable for understanding mTOR actions in
the nervous system (please refer to Fig. 1 for a
diagram of cell signaling pathways leading to
mTOR activation).

mTOR activity in most cells can be induced
by three types of signals that report the meta-
bolic state of the cell: trophic factors and hor-
mones, availability of amino acids, and the
level of adenosine monophosphate (AMP). In
neurons, neurotransmitters such as glutamate
can also lead to activation of mTOR via both
ionotropic and metabotropic receptors (21-23).
The canonical pathway of mTOR activation
leads from trophic factor receptor tyrosine
kinase through the induction of PI3K and Akt
kinases to the phosphorylation and inhibition
of tuberous sclerosis complex proteins:
hamartin (TSC1) and tuberin (TSC2). The
TSC1/TSC2 complex acts as a GTPase-activat-
ing protein for Ras homolog enriched in brain
(Rheb); elevated GTP-bound Rheb then stimu-
lates mTOR (24-26). However, it is also known
that mitogens can activate mTOR indepen-
dently of Akt through phospholipase D (27) as
well as through the extracellular-signal regu-
lated kinase (ERK)/MAPK pathway (28,29).
Conversely, it is not clear how availability of
amino acids controls mTOR activity. It is
known that increased availability of amino
acids (especially leucine) activates mTOR, but
this activation does not require PI3K/Akt
activity (20). Although trophic factors and
amino acids stimulate mTOR, high levels of
AMP (indicative of energy deficits in the cell)
decrease mTOR activity because of activation
of TSC2 by AMP-dependent protein kinase
(AMPK) (30).

Active mTOR interacts with one of its part-
ners, Raptor or Rictor. Rapamycin inhibits the
activity of the mTOR/Raptor complex (TORC1
complex), but it does not prevent activity of the
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Fig. 1. Schematic diagram of signaling pathways leading to mTOR activation in mammalian cells. Stimulation
of several receptors at the plasma membrane such as receptor tyrosine kinases (RTKs; e.g., TrkB), ionotropic and
metabotropic glutamate receptor (NMDA-R; mGIluR) through PI3K-dependent as well as PI3K-independent path-
ways leads to mTOR activation. PI3K is activated by Ras, leading to activation of PDK1 and Akt, which then
inhibits the TSC1/2 complex. That allows GTP-bound Rheb protein to activate mTOR. Ras can also stimulate
mTOR activation via ERK or phospholipase D (PLD) pathways, independently of PI3K. An increased level of
amino acids (AA) induces mTOR activity in PI3K-independent manner. Increased AMP/ATP ratio, an indicator of
energy deficits in the cell, activates TSC2 and inhibits mMTOR. mTOR bound to Raptor protein forms the TORC1
complex that is responsible for the control of several cellular processes of which protein translation and tran-
scription are the best described. mTOR can also form TORC2 complex with Rictor, which regulates actin
dynamics and can also phosphorylate Akt. Little is known about the regulation of TORC2. Abbreviations: PI3K,
phosphoinositide-3’ kinase; Ral-GDS, Ral GDP dissociation stimulator; PDK, pyruvate dehydrogenase kinase;
PIP2, phosphatidylinositol bisphosphate; PIP3, phosphatidylinositol 3,4,5-trisphosphate; PTEN, phosphatase
and tensin homolog deleted on chromosome ten; RSK, p90 ribosomal S6 kinase 1; TSC1, tuberous sclerosis
complex protein 1, hamartin; TSC2, tuberous sclerosis complex protein 2, tuberin; Rheb, Ras homolog enriched
in brain; AMPK, AMP-dependent protein kinase.

Rictor containing TORC2 complex (31-33). Acti- tion of p70S6K and 4E-BP1 (13,34). Phosphory-
vation of TORC1 affects a myriad of cellular lation activates p70S6K, leading to phosphory-
processes. The best known example is an lation of ribosomal S6 protein, which is crucial
increase in protein translation by phosphoryla- for stimulating the translation rate of messenger
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RNAs (mRNAs) containing a 5" oligopyrimi-
dine tract (TOP) (35). This subgroup of mRNAs
encodes primarily the proteins involved in the
translation process itself, such as all ribosomal
proteins and several elongation factors (36).
Thus, mTOR activation leads to increase in
translation capacity of the cell. 4E-BP1 is an
inhibitor of cap-dependent mRNA translation
(37). 4E-BP1 binds elF-4E protein, which is cru-
cial for the formation of the cap complex and
prevents its recruitment to the cap complex.
Phosphorylation of 4E-BP1 by mTOR results in
its dissociation from eIF-4E, thereby allowing
elF-4E binding to elF-4G, which is a crucial step
for the initiation of translation.

However, p70S6K and 4E-BP1 are not the
only targets of mTOR. mTOR activity, which
can be inhibited by rapamycin, is important for
controlling activity of proteins such as protein
phosphatase PP2A (38), cytoplasmic linker pro-
tein-170 (39), eukaryotic elongation factor 2
kinase (40), glycogen synthase (41,42), hypoxia-
inducible factor 1-o. (43), and probably many
more proteins, as suggested by analysis of
mammalian homologs of rapamycin-regulated
genes in yeast (14,15).

The recent discovery of Rictor shed light on
the role of TORC2 complex. mTOR bound to Ric-
tor regulates a different set of events than those
regulated by TORCI, including those important
for control of actin polymerization (31,44). Recent
tindings have shown that chronic, but not acute,
treatment with rapamycin can lead to inhibition
of the TORC2 complex and Akt (45). Therefore, it
is important to remember that our knowledge
about mTOR activity in neurons is not complete,
and all of the data need to be interpreted very
carefully.

mTOR Regulation of Neuronal
Morphology

Axon Pathfinding and Regeneration

The navigation of axons toward their targets
can occur over long distances and is regulated
by multiple external cues that act as attractants
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(e.g., Netrin-1) or repellents (Netrin-1, Sema-
phorin3A, Slit2). Axonal growth cones contain
mRNA and translation machinery, and growth
cone responses to chemotropic cues depend at
least partly on local protein synthesis (46-50).
Campbell and Holt (50) showed that similarly
to general protein synthesis inhibitors such as
anisomycin and cycloheximide, mTOR antago-
nist rapamycin was capable of preventing both
repulsive turning and collapse of axon growth
cones of cultured Xenopus retinal neurons in
response to Semaphorin 3A (Sema3A). Inhibi-
tion of mTOR also blocked Sema3A-induced
incorporation of 3H-leucine into newly trans-
lated proteins in isolated axonal growth cones
(50). This observation suggests that mTOR reg-
ulates behavior of growth cone via control of
protein synthesis. Similarly to Sema3A, Slit
proteins also cause collapse of Xenopus retinal
axon growth cones, but this occurs at later
stages of development when retinal axons
enter the tectum (48). Slit-induced growth cone
collapse also depends on local protein synthe-
sis and is sensitive to rapamycin (48).

In addition to repulsive turning and col-
lapse, mTOR is involved in the directional
growth cone response toward source of attrac-
tant (50). Application of rapamycin to cultured
retinal neurons efficiently prevented axon
turning toward a source of Netrin-1. All extra-
cellular signals discussed earlier induced phos-
phorylation of mTOR effectors such as 4E-BP1
locally in growth cones (48,50), supporting the
idea that mTOR regulates growth cone turning
and collapse through regulation of local trans-
lation. Piper et al. (48) pointed to Sema3A- and
Slit2-induced local synthesis of cofilin (an actin
depolymerizing protein) (51) as a possible
mechanism for growth cone collapse.

Besides axon growth cone guidance during
development, new protein synthesis (52,53)
and mTOR have been recently implicated in
axon regeneration (53). Under certain condi-
tions, axons can efficiently regenerate after axo-
tomy (54,55), a reaction that requires formation
of new growth cones (56-58). Verma et al. (563)
showed that rapamycin prevented regenera-
tion of rat dorsal root ganglia (DRG) and retinal

Volume 34, 2006



mTOR in Neuronal Development and Plasticity

axons, as well as the incorporation of 3H-
leucine into translated proteins induced by axo-
tomy. Furthermore, there was a correlation
between the level of phosphorylated elF-4E
protein in the cell and a higher potential for
regeneration. For example, embryonic DRG
neurons showed the highest level of phospho-
rylated elF-4E and the highest regenerative
potential, whereas adult retinal neurons had
low amounts of phospho-elF-4E and regener-
ated poorly. These findings suggest that in axon
regeneration, the role of mTOR is also to con-
trol the level of local protein synthesis.

Dendrite Arborization

Dendrite arborization is a multistep process
controlled largely by external signals (59-62),
including diffusible cues (63-66), cell—cell inter-
actions (67,68), neuronal activity (60,61), and
calcium influx (69). These extracellular or cell
surface signals must be converted into changes
in dendritic morphology. Protein kinases such
as CaMKs (7,10,11), MAP kinases (70,71), Rho-
associated coiled-coil-forming protein kinase
(72) and Pakl (73) are important regulators
of dendritogenesis. Recent studies have also
implicated mTOR as another protein kinase
involved in the molecular mechanisms of den-
dritic branching. Jaworski et al. (5) and Kumar
et al. (6) showed that chronic treatment with
rapamycin (6 d) reduced dendrite branching in
cultured hippocampal neurons. The number of
primary dendrites was not changed, but the
complexity of dendritic branching was per-
turbed by rapamycin, as shown by Sholl analy-
sis (which measures the number of dendrites
crossing circles at various radial distances from
the cell soma) (74). The Sholl plot reflects the
“field” covered by the dendritic arbor. For
example, an upward and rightward shift of
the Sholl plot signifies increased complexity
and outward expansion of the dendritic field.
Addition of rapamycin resulted in a down-
ward and leftward shift in the Sholl plot, sug-
gesting a reduced area and complexity of the
dendritic field (5). A decrease in total number
of branches and downward and leftward shift
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of the Sholl plot were also observed when
mTOR protein expression was suppressed
by small interfering RNA (siRNA) directed
against mTOR (5). The effect of mTOR in-
hibition mimicked the effects of PI3K and
Akt pharmacological inhibitors on dendritic
arbor development, which is consistent with
mTOR acting downstream of the PI3K-Akt
pathway (5).

Although dissociated cultures are a conve-
nient preparation for neuronal morphogenesis
experiments, it is important to extend these
studies to a more intact preparation or to the in
vivo situation. In organotypic cultures of hip-
pocampal slice, chronic application of rapa-
mycin or mTOR siRNAs significantly reduced
the total number of basal dendrites as well as
the average length of higher order apical den-
drites (5). Additional evidence for an involve-
ment of mTOR in dendritic arbor development
in vivo comes from Kwon et al. (75), who stud-
ied knockout mice deficient in phosphatase
and tensin homolog deleted on chromosome
ten (PTEN), the lipid phosphatase that coun-
teracts the function of PI3K (see Fig. 1). Dentate
gyrus neurons of these PTEN knockout mice
had more dendrites as well as increased phos-
phorylation of Akt and S6, which are upstream
activators and downstream targets of mTOR,
respectively.

In addition to the effects on dendritic
arborization under normal culture conditions
described earlier, inhibition of mTOR by
rapamycin was able to block the dendritic
branching induced in hippocampal cultures by
various factors. The dendritic arbor growth
stimulated by overexpression of constitutively
active mutants of Ras, PI3K, and Akt was
blocked when rapamycin-dependent activity
of mTOR was inhibited (5,6). Importantly,
rapamycin also prevented the increase in the
dendritic arbor complexity induced by brain-
derived neurotrophic factor (BDNF) (5).

What is the mechanism by which mTOR
stimulates dendrite branching? Suppression of
p70S6K activity by siRNA and overexpression
of constitutively active form of 4E-BP1 pheno-
copied the effects of mTOR inhibition on
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dendritic arborization (5). Furthermore, over-
expression of a constitutively active 4E-BP1
mutant blocked PI3K-induced dendritic arbor
growth. Together, these data point to protein
synthesis as a key mechanism by which mTOR
contributes to dendritic tree development. At
apparent odds with this conclusion, Dijkhuizen
and Ghosh (76) showed that BDNF-induced
growth of primary dendritic branches in imma-
ture cortical neurons depends on PI3K activity
but was independent of protein synthesis. There
are several technical differences that can explain
the discrepancy; however, one intriguing expla-
nation is that protein synthesis is important for
long-term changes and stabilization of already
initiated dendrites, whereas initiation of den-
drites is an mTOR- and protein synthesis-inde-
pendent process. Many open questions remain
regarding the function and mechanism of
mTOR in dendritic development. Does mTOR
regulate protein synthesis generally in the neu-
ron or locally in dendrites to influence dendrite
morphogenesis? Does mTOR also control den-
drite development via mechanisms unrelated to
protein synthesis regulation?

Spine Morphology

In excitatory neurons, glutamatergic syn-
apses are formed on small actin-rich protru-
sions of dendrites called dendritic spines.
Mounting evidence suggests that synaptic
plasticity is associated with changes in den-
dritic spine number and morphology (77-79).
Immature spines with potential for change are
usually thin and motile. On the other hand,
mature spines are larger, mushroom-shaped,
and relatively stable. In coculture of the sen-
sory and motor Aplysia neurons, rapamycin
prevented the protein synthesis-dependent
persistence of new synapses induced by sero-
tonin application (80). Kumar et al. (6) studied
in detail the effects of pharmacological inhibi-
tion of mTOR on spine number in cultured
mammalian hippocampal neurons. Chronic
application of rapamycin caused a decrease in
both spine and filopodia number and pre-
vented the increase in filopodia induced by
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activation of MAPK and PI3K pathways.
Short-term (24-h) application of rapamycin
was also able to prevent BDNF-induced
decrease in spine and increase in filopodia
number but did not change protrusion num-
ber when used alone (6). Tavazoie et al. (81) in
cultured organotypic slices studied effects of
mTOR inhibition on spine shape and showed
that chronic rapamycin application led to
increased spine length but not spine width or
density. On the other hand, analysis of spine
morphology under conditions of increased
mTOR activity in slices from animals lacking
TSC2 or transfected with siRNA against TSC2
showed an increase in spine width that could
be reversed by rapamycin (81). Although
work by Tavazoie at al. (81) suggests that
TSC2 can also regulate spine morphology via
mTOR-independent mechanisms, and there
are some differences between the results
obtained from dissociated and organotypic
hippocampal cultures regarding mTOR’s role
in spine number regulation, it is clear that
mTOR is involved in some aspects of spine
formation. This conclusion is supported by
the finding of increased spine density in neu-
rons of dentate gyrus of PTEN knockout mice
(75). Interestingly, changes in spine morphol-
ogy resulting from TSC2 knockdown were
related to altered cofilin activity but not to
changes in total amount of cofilin protein
(76). Researchers have not determined whether
the link between TSC2 and cofilin involves
rapamycin- and/or mTOR-dependent mech-
anisms.

mTOR and Synaptic Plasticity

It is well-established that long-term mem-
ory, as well as certain forms of long-term
synaptic plasticity, require de novo protein syn-
thesis (82,83). Therefore, mTOR was a possible
candidate to play a role in the mechanisms of
synaptic plasticity. Involvement of mTOR in
synaptic change has now been confirmed in
diverse organisms such as Aplysia, crayfish,
and mammals.
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Long-Term Facilitation and Potentiation

Long-term facilitation and long-term poten-
tiation (LTP) are examples of longlasting
enhancement of synaptic transmission, which
can be achieved by various modes of synaptic
stimulation, depending on the system. Casadio
et al. (80) provided an early clue that mTOR-
dependent protein synthesis might be important
for the enhancement of synaptic transmission;
they showed that the persistence of long-term
synaptic facilitation between sensory and
motor neurons of Aplysia in culture, induced
by application of serotonin, depended on a
rapamycin-sensitive component of local pro-
tein synthesis. Another example of long-term
facilitation, which is achieved by prolonged
high-frequency stimulation at the neuromus-
cular synapse of crayfish, requires local presy-
naptic protein synthesis and is also blocked by
rapamycin (84).

Rapamycin dependence of synaptic strength-
ening is not unique to invertebrates. In acute
rodent hippocampal slices, mTOR activity is
necessary for two forms of protein synthesis-
dependent synaptic enhancement: late-phase
LTP (L-LTP) evoked by four trains of 100-Hz
stimulation, and BDNF-induced strengthening
of synaptic transmission (85). In this study (85),
evidence was also presented that components
involved in mTOR-dependent protein transla-
tion, such as 4E-BP proteins and mTOR itself,
were present in dendrites close to synaptic
sites. In the studies cited earlier (85), rapamycin
was continuously present throughout the
recording session. Cammalleri et al. (22)
applied rapamycin to acute hippocampal slices
before, during, or after induction of L-LTP at
Schaffer  collateral/commissural  fiber-CA1
synapses by tetanic stimulation (3 x 1 s 100-Hz
stimulation delivered at 10-min intervals). This
approach allowed them to conclude that only
inhibition of mTOR during the induction phase
was able to prevent establishment of L-LTP. The
same group demonstrated further that another
form of protein synthesis-dependent synaptic
enhancement- (conversion of short-term poten-
tiation induced at the synapse into LTP by brief
application of ACPD [trans—{+}-1-amino-1,3-
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cyclopentanedicarboxylic acid], an agonist of
group I metabotropic glutamate receptors) also
required active mTOR (22). On the other hand,
induction and establishment of protein synthe-
sis-independent LTP was not blocked by rapa-
mycin, indicating that mTOR activity is not
essential for every type of hippocampal LTP.
Recently, Vickers et al. (86) and Cracco et al.
(87) showed that L-LTP induction depends on
mTOR involvement in local dendritic protein
synthesis because induction of L-LTP in hip-
pocampal slices under conditions of physical
separation of cell body layer from dendritic
layer was blocked by rapamycin.

In all the aforementioned experiments,
inhibition of mTOR did not change basal
synaptic properties. Accordingly, application
of rapamycin for 4 to 6 h to dissociated cul-
tures of cortical neurons did not change the
number of AMPA receptor subunit 2 (GluR2)
clusters on dendrites (88). On the other hand,
a potential increase in mTOR activity induced
by knockout of TSC1 led to increased AMPA
currents, as shown by both increased minia-
ture evoked postsynaptic potential (mEPSC)
amplitude and increased AMPA to N-methyl-
D-aspartate (NMDA) ratio of EPSC (81).

Phosphorylation of p70S6K is increased at
threonine-289 (the phosphorylation site for
mTOR) when hippocampal cultures are stimu-
lated with NMDA or elevated KCI to mimic
strong synaptic activation leading to calcium
influx (22). By immunostaining, phosphory-
lated p70S6K has a punctate appearance along
the dendrite with occasional presence in den-
dritic spines. The immunocytochemical pat-
tern for phosphorylated p70S6K resembled the
punctate staining observed for hotspots of
dendritic translation (22,89). These results are
consistent with the idea that mTOR is activated
by synaptic stimulation, leading to enhanced
dendritic protein translation via p70S6K.

Long-Term Depression and Depotentiation

Similarly to LTP, long-term depression (LTD)
can be protein synthesis- and mTOR-dependent.
A form of hippocampal CA1l LID can be
induced by activation of metabotropic glutamate
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receptors (mGluR-LTD) and requires translation
of pre-existing mRNAs (90). Recently, Hou and
Klann (23) found that rapamycin could block
mGIuR-LTD evoked by DHPG ([RS]-3,5,dihy-
droxyphenylglycine), an agonist of metabotropic
glutamate receptors. Moreover, the induction of
mGIuR-LTD led to increased phosphorylation of
mTOR, a hallmark of mTOR activation, both in
the whole slice lysates and in synaptoneurosome
preparations. DHPG also induced phosphoryla-
tion of 4E-BP proteins in hippocampal slices in a
PI3K-, elF-4E- and rapamycin-dependent fashion
(91). Moreover, mGIuR-LTD in the hippocampus
was enhanced and insensitive to rapamycin in
mouse with knockout of 4E-BP2-the predominant
isoform of 4E-BP in the hippocampus (91,92).

Zho et al. (93) developed a protocol in which
CA1 synapses with already established LTP
(induced by 100-Hz tetanic stimulation) were
efficiently depotentiated by application of
DHPG. This depotentiation was blocked by
rapamyecin (93). Similar results were obtained
with inhibitors of general protein synthesis but
not with actinomycin D, an RNA transcription
inhibitor. Therefore, both mGIluR-LTD- and
mGluR-dependent depotentiation depend on
mTOR activity.

LTP and LTD are considered electrophysiolog-
ical substrates of learning and memory
processes in the brain (94). This suggests that
mTOR might be involved in the mechanisms of
memory formation. Indeed, Tischmeyer et al.
(95) showed that injection of rapamycin into the
auditory cortex of Mongolian gerbils shortly
after linearly frequency-modulated tones dis-
crimination training could prevent consolidation
of cerebral cortex-dependent long-term memory.

Molecular Mechanisms
Underlying mTOR Regulation
of Development and Plasticity

Although evidence is mounting for the
importance of mTOR in neuronal development
and synaptic plasticity, we know relatively lit-
tle about the signaling pathways in neurons
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mediated by mTOR. There is relatively good
documentation that activity of mTOR and its
best-characterized effectors p70S6K and 4E-
BP1 can be regulated in neurons by various
extracellular stimuli such as trophic factors
and hormones (BDNEF, insulin) and by neuro-
transmitters (glutamate), usually in a PI3K-
dependent manner (21,22,96,97). The activity
of TSC1 can be downregulated by BDNF in
dendrites (97). Jaworski et al. (5) showed that
mTOR is important for induction of dendritic
branching by Ras mutants specific for activa-
tion of PI3K, Raf-ERK, or PLD. These findings
imply that activation of Ras signaling (e.g.,
through receptor tyrosine kinases, G protein-
coupled receptors, ionotropic receptors) can
stimulate mTOR through PI3K and PI3K-inde-
pendent pathways.

There is growing agreement that the effects
on neuronal development and synaptic plastic-
ity are related, at least partly, to mTOR’s func-
tion in regulation of the protein synthesis.
Several recent papers showed that axon guid-
ance molecules, BDNF, insulin, and glutamate
could stimulate local protein synthesis through
activation of mTOR (21,50,96,97). However, we
still have very little knowledge of the identity of
the proteins crucial for axon guidance, dendritic
branching, or synaptic plasticity, which are
actually translated in mTOR-dependent fash-
ion. In case of axon guidance, an attractive can-
didate known as cofilin has been discovered.

Large genetic and microarray screens for
Drosophila genes involved in axon and synapse
development (98) and mTOR-regulated genes
involved in control of cell growth and division
(16) identified another regulator of axon devel-
opment whose transcription is downregulated
by mTOR. This gene encodes for a transcrip-
tion factor, an ortholog of human ASH2L, and
rapamycin induced its expression (16). Muta-
tion in this gene resulted in a “path finding”
phenotype (98).

Recent work by Schratt et al. (99,100) and
Takei et al. (97) has revealed a set of potential
rapamycin-regulated genes that are good can-
didates for key regulators of spinogenesis and
synaptic plasticity. Analysis of RNAs that asso-
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ciated with polysomes in response to BDNF in
a rapamycin-dependent manner identified 79
and 48 genes in young (4 d in vitro) and older
(14 d in vitro) cortical neuron cultures, respec-
tively (99). Several of them (e.g.,, CamKlla,
NMDA receptor subunit NR1, Homer2, Pyk2,
LIMK-1, e-NOS) are already implicated in
synapse development and plasticity. Indeed,
expression of LIMK-1, which is regulated by
rapamycin (99) and microRNA134 (100), is
involved in spine development. LIMK-1 is a
negative regulator of cofilin and therefore
inhibits actin depolymerization (101). Its
increased expression and activity promotes
stabilization of actin cytoskeleton and matura-
tion of dendritic spine (102,103).

Other candidate proteins mediating mTOR
effects on dendrites and synapses include Arc,
a neuronal protein whose translation in synap-
toneurosomes is induced by BDNF in a
rapamycin-sensitive manner (92). Knockdown
of Arc by means of antisense technology leads
to impaired LTP and to deficits in spatial mem-
ory (104). Arc can also influence synapse devel-
opment via internalization of glutamate
receptors (105). Translation of PSD-95, an
important postsynaptic scaffold protein of
excitatory synapses, has been shown to require
PI3K and mTOR (96,106). Overexpression of
PSD-95 promotes the maturation of dendritic
spines and strongly potentiates AMPAR-medi-
ated EPSCs (107). Deficiency of PSD-95 in vivo
prevents the maturation of orientation prefer-
ence in the visual cortex (108) and eliminates
behavioral sensitization induced by chronic
cocaine administration (109). The aforemen-
tioned examples are by no means a complete
list of candidate synaptic plasticity proteins
whose expression levels might be regulated by
mTOR.

Analysis of the TSC2-null murine neuroep-
ithelial progenitor cells that are characterized
by increased activation of the mTOR pathway
showed elevated expression of several mRNAs
encoding important plasticity-related proteins,
suggesting that mTOR can also control synap-
tic function at the transcriptional level (110).
Among identified mRNAs were several sub-
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units of glutamate receptors, including GluR2
and NR2B. Passafaro et al. (111) showed that
overexpression of GluR2 subunit itself is suffi-
cient to induce spine growth and maturation.
On the other hand, NR2B subunit appears to
play important role in LTD because NR2B-
selective antagonists abolish LTD (112) and
leads to increased presence of GluR1 AMPA
receptor subunits at the cell surface, whereas
its overexpression results in removal of GluR1
from the cell surface (113). There are two more
candidates (orthologs of human ASH2L and
SP-1-like protein) that might be involved in exe-
cuting mTOR effects on synapse formation in
Drosophila (16). Both of them encode for tran-
scription factors and their expression was
upregulated in the presence of rapamycin (16).

There are still no known proteins translated
in a mTOR-dependent fashion that are proven
to regulate dendritic branching. However, sev-
eral candidate proteins that are known to be
locally translated into dendrites and are likely
involved in dendrite development include
CaMKlIlo, MAP2, FMRP, BDNF, and AMPA
receptor subunits.

All of the aforementioned examples account
for only the rapamycin-dependent functions of
mTOR. However, it is now believed that the
mTOR-Rictor complex can also regulate actin
polymerization independently of protein trans-
lation (31). Given the importance of actin
cytoskeleton for neuronal morphogenesis, the
mTOR-Rictor pathway could also contribute to
axon growth (114), dendritic branching (115),
and spine formation (116).

Conclusion

This article presented recently acquired
knowledge showing that the role of mTOR in
neurons goes much beyond simple control of cell
growth. However, we still need to learn more
about the complexity of the signaling cascades
that involve mTOR, as well as about their func-
tional significance in neuronal physiology. In the
postgenomic era, one can hope that the powerful
methods for analysis of whole transcriptomes
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and proteomes will soon allow a more complete
picture of mTOR regulation and function. Once
we define mTOR signaling pathways in neu-
rons, we will need to learn when, where, and
which of mTOR-regulated proteins are acti-
vated during particular phases of neuronal
development and in different types of synaptic
plasticity. This information will also yield a bet-
ter understanding of the molecular events that
underlie some aspects of neurodegenerative
disorders (117,118) as well as mTOR-related
human multi-organ diseases that affect brain
function, such as tuberous sclerosis (119-122)
and neurofibromatosis (122,123). It can also help
extend our knowledge about neurodevelop-
mental disorders that are linked to disturbance
of local protein synthesis, such as Fragile X syn-
drome (124).
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