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The mammalian target of rapamycin 
(mTOR) assembles into two distinct 

multi-protein complexes called mTORC1 
and mTORC2. While mTORC1 controls 
the signaling pathways important for 
cell growth, the physiological function 
of mTORC2 is only partially known. 
Here we comment on recent work on 
gene-targeted mice lacking mTORC2 in 
the cerebellum or the hippocampus that 
provided strong evidence that mTORC2 
plays an important role in neuron mor-
phology and synapse function. We dis-
cuss that this phenotype might be based 
on the perturbed regulation of the actin 
cytoskeleton and the lack of activation 
of several PKC isoforms. The fact that 
PKC isoforms and their targets have 
been implicated in neurological disease 
including spinocerebellar ataxia and that 
they have been shown to affect learning 
and memory, suggests that aberration of 
mTORC2 signaling might be involved in 
diseases of the brain.

Introduction

mTOR is a serine/threonine kinase 
that functions within two distinct protein 
complexes that are referred to as mTOR 
complex 1 (mTORC1) and mTOR 
complex 2 (mTORC2). Differences in 
protein composition assign these two 
complexes specific functions. There are 
shared components, such as mTOR itself, 
mLST8, DEPTOR and the Tti1/Tel2 
complex, but also some that are complex-
specific. For mTORC1 this is raptor and 
PRAS40 and for mTORC2 rictor, mSin1 
and Protor1/2.1 The best described func-
tion of mTOR is its role in cell growth, 
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metabolism and aging, functions that all 
can be inhibited by the name-giving drug 
rapamycin, a macrolide isolated from a 
soil sample of Easter Island. Rapamycin 
and its derivatives, called rapalogs, are 
FDA approved as immunosuppressants 
after allograft transplantation, as anti-
restenosis drugs in stents and for the 
treatment of some cancers.2 Current 
evidence suggests that the rapalogs act 
mainly via inhibiting mTORC1. In meta-
zoans, mTORC1 is activated by growth 
factor signaling and, like in protozoans, 
by nutrients and the energy status of a 
cell. The main targets of mTORC1 are 
S6K and 4E-BP, which both control 
protein synthesis. Another important 
function of mTORC1 is the control of 
autophagy, a process that is essential to 
clean cells from unfolded proteins, non-
functional organelles and to overcome 
the lack of nutrients during starvation.3 
In summary, mTORC1 appears to be 
the main hub that controls cell growth 
and metabolism, which also explains its 
involvement in cancer. Recent evidence 
suggests a role of mTORC1 in diseases 
of the central nervous system, such as 
Alzheimer disease, autism spectrum dis-
orders or epilepsy.4-7

In contrast to mTORC1, the role of 
mTORC2 has been studied much less 
and thus its function is not well defined. 
Rapamycin does not inhibit mTORC2 
acutely although long-term treatment 
affects mTORC2 function.8 Activation 
of mTORC2 involves its PI3K-dependent 
association with ribosomes.9 Compared 
with mTORC1, the number of down-
stream targets of mTORC2 is much lower 
but includes several members of the AGC 
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to share some function because both are 
highly hydrophilic and associate with 
plasma membranes via palmityolation 
and myristoylation, respectively, and are 
therefore frequently summed up as GAP-
43-like proteins. In their dephosphory-
lated form, GAP-43 and MARCKS bind 
to PI(4,5)P2 and are associated with lipid 
raft-like structures of the plasma mem-
brane.22 Phosphorylation of GAP-43 or 
MARCKS by classical or novel PKC iso-
forms results in their detachment from 
the plasma membrane. As a consequence, 
the levels of PI(4,5)P2 are decreased.22,23 
Thus, the phosphorylation state of GAP-
43 and MARCKS may directly affect 
the levels of PI(4,5)P2 in neurons and 
changes in PI(4,5)P2 have been impli-
cated in the regulation of the actin cyto-
skeleton.24 Adducins are a family of three 
related genes, which encode for either 
α-, β- or γ-adducin. All of them pos-
sess an N-terminal head domain, a neck 
domain, and a C-terminal tail domain 
that includes a conserved 22 amino acid 
MARCKS-related domain, which is nec-
essary for actin binding. Adducins form 
tetramers composed of either α/β- or 
α/β-heterodimers and cap the fast grow-
ing end of the actin filaments (F-actin) 
to recruit spectrin to those actin fila-
ments. Phosphorylation of adducin by 
PKC within the C-terminal MARCKS-
related domain reduces F-actin-capping 
and thereby promotes free-barbed ends 
that are prone to polymerization/depoly-
merization.25 Thus, adducins affect actin 
cytoskeleton dynamics and this activity 
is regulated by PKC.

Purkinje Cell Development and 
the Role of PKC Signaling

Purkinje cell development in rodents 
largely occurs between P0 and P21 and 
can roughly be split into three phases.26 
At P0, Purkinje cells have small somata 
with multiple dendrites that are orga-
nized in a multipolar manner. In a first 
growth phase (P0 to ~P9), the somata 
of the Purkinje cells are enlarged and all 
but one primary dendrite are eliminated. 
This first phase is followed by the stage 
of rapid growth of the dendritic tree and 
a third phase of rather slow dendritic 
growth. Excessive neurite outgrowth 

notably, Purkinje cells of the cerebellum, 
which are characterized by expressing 
only one primary dendrite, contained 
up to six such primary dendrites. The 
changes in dendrite number were a cell-
autonomous effect of rictor depletion 
as multiple primary dendrites were also 
observed when rictor was depleted selec-
tively in Purkinje cells. The particularly 
strong changes in the morphology of the 
Purkinje cells were accompanied by an 
ataxia-like motor phenotype, consistent 
with the view that Purkinje cells, which 
provide the sole output of the cerebellum, 
are important for motor coordination.20

The molecular mechanisms involved 
in the neuronal phenotype observed in 
the rictor depleted brain were analyzed 
biochemically. Of all the bona fide tar-
gets of mTORC2, the most pronounced 
changes were observed in the PKC fam-
ily of proteins. In rictor-deficient brain 
lysates, the phosphorylation and protein 
level of all classical PKCs (i.e., PKCα, 
-β and -γ) and the novel PKC isozyme, 
PKCε, were strongly reduced. In addi-
tion, phosphorylation of the PKC sub-
strates GAP-43 and MARCKS, which 
are known to be important for the reg-
ulation of the actin cytoskeleton was 
diminished. Such a pronounced effect 
of mTORC2 ablation on the PKC path-
way has so far not been reported in any 
other tissue. Interestingly, another group 
also reported on changes in the actin 
cytoskeleton of neurons in mice where 
rictor was conditionally deleted in the 
hippocampus.19 Those authors did not 
investigate PKC signaling but provided 
evidence that rictor depletion affected 
the Tiam1-Rac1-PAK-cofilin pathway. 
In summary, both studies provided first 
in vivo evidence that depletion of rictor 
specifically affects the actin cytoskeleton 
in neurons. This is in stark contrast to 
studies in other organs where little or 
no cytoskeletal disturbances have been 
described.

PKC Signaling and Its  
Downstream Substrates

Among the best-studied PKC sub-
strates in the brain are GAP-43, 
MARCKS, fascin and adducins.21 GAP-
43 and MARCKS have been proposed 

kinase family, among them Akt, PKC and 
SGK1. Some of these effectors, in partic-
ular Akt, are involved in the regulation 
of cell survival and apoptosis, suggest-
ing that mTORC2 might also contribute 
to cancerogenesis.10 Evidence obtained 
in yeast and in cultured mammalian 
cells in addition indicates a function of 
mTORC2 in the regulation of the actin 
cytoskeleton.11-13 However, major changes 
in cell shape and the cytoskeleton were 
not observed in tissue-specific deletion 
of rictor in skeletal muscle, adipocytes, 
liver or kidney.14-17 Only the recent dele-
tion of rictor in the central nervous sys-
tem revealed a role of mTORC2 for the 
shape of neurons18 and for synaptic plas-
ticity, an adaptive response of synapses to 
changes in activity.19 Both of these func-
tions involve the rearrangement of the 
actin cytoskeleton. In this commentary, 
we will briefly summarize those data and 
then discuss our view of how mTORC2 
might regulate actin dynamics to shape 
neurons during development and of how 
this activity may contribute to synaptic 
plasticity in the adult.

mTORC2 Regulates Actin  
Cytoskeletal Rearrangements  

in Vivo

In recent work, we conditionally 
deleted rictor in the developing and the 
adult central nervous system by using 
mice that express Cre under the control 
of the nestin or the Purkinje cell-specific 
L7/Pcp-2 promoter. The two major find-
ings of this work were that the brain was 
smaller and that the morphology of neu-
rons was strongly affected.18 The micro-
cephaly was a consequence of a reduction 
in neuron size but not number, which in 
turn resulted in an increased cell density. 
Interestingly, despite lower levels of phos-
phorylation of the mTORC2 target Akt, 
the microcephaly was not accompanied 
by alterations in any of the downstream 
targets of Akt; in particular, no changes 
in the mTORC1 targets S6K and 4E-BP 
were seen. Thus, mTORC2 appears 
to affect neuron size independently of 
mTORC1.

Changes in neuronal morphology 
encompassed the number, the length 
and the thickness of the neurites. Most 
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hyperphosphorylation of MARCKS 
has been shown to contribute to the 
strongly reduced dendritic arborization 
observed upon forebrain-specific dele-
tion of the gene cluster encoding the 
γ-protocadherins.37 Reduction of den-
dritic arborization by knockdown of 
MARCKS or overexpression of a “dom-
inant-negative” (e.g., phosphomimetic) 
form of MARCKS was also reported in 
cultured hippocampal neurons.38 These 
results argue that the loss of phosphory-
lation of MARCKS in rictor-depleted 
neurons would result in exuberant den-
dritic branching. Indeed, rictor-knockout 
Purkinje cells show an increased number 
of primary dendrites.18

The Role of PKC and Its  
Downstream Substrates in  

Synaptic Plasticity

Changes in neuronal activity are 
known to affect neural circuits and cur-
rent evidence suggests that such changes 
are the basis of learning and memory. 
On the cellular level, it is well estab-
lished that neuronal activity can cause 
the weakening or strengthening of exist-
ing synapses and trigger the formation or 
elimination of synapses. Depending on 
the frequency of presynaptic neuronal 
activity (i.e., release of neurotransmitter) 

fascin is highly expressed in the develop-
ing brain but cannot be detected anymore 
in adult Purkinje cells.32,33 In the adult 
brain, fascin seems rather to be expressed 
in non-neuronal cells and there is evi-
dence that its expression correlates with 
morphology, invasiveness and motility of 
glioma cells.34 Finally, expression of α- 
and β-adducin is widespread in the brain 
while expression of γ-adducin is high-
est in the hippocampus and in Purkinje 
cells of the cerebellum.35,36 Interestingly, 
phosphorylation of adducin is also sig-
nificantly diminished in the brain of ric-
tor-deficient mice (Angliker and Rüegg, 
unpublished observation). Thus, the 
expression pattern of the PKC substrates 
in the cerebellum suggests that rictor, by 
controlling PKC phosphorylation and 
protein levels, may act in Purkinje cells 
through MARCKS and adducins but not 
via GAP-43 or fascin.

The change in the phosphorylation 
state of MARCKS and adducin in ric-
tor knockout mice will shift the equilib-
rium between membrane/actin-bound 
and the cytosolic form of MARCKS 
and adducin toward membrane and the 
actin-bound form, respectively (Fig. 1). 
A shift in the relative amount of phos-
phorylated MARCKS has been impli-
cated in dendrite morphology. For 
example, hyperactivity of PKC and thus 

or improper dendrite retraction during 
the first developmental stage may result 
in Purkinje cells with multiple primary 
dendrites.

As mentioned above, rictor-deficient 
Purkinje cells have too many primary 
dendrites. As PKC isoforms are strongly 
de-regulated in rictor knockout brains, 
the question arises whether these mor-
phological changes might be based on 
alterations in PKC signaling. Indeed, 
there is evidence that PKC activity 
affects Purkinje cell development and 
function. For example, mutations in the 
gene coding for PKCγ, whose expression 
is strongly reduced in rictor-deficient 
brain, cause spinocerebellar ataxia 14 
(SCA14).27 Although the exact molecu-
lar mechanisms involved in the ontog-
eny of SCA14 are not well understood, 
experiments in organotypic slice cultures 
of the cerebellum indicate that PKC is 
important for dendrite morphology of 
Purkinje cells.28-30 Purkinje cells also 
express high levels of mRNA encoding 
the PKC substrate MARCKS both dur-
ing development and in the adult. In 
contrast, transcripts for GAP-43 are low 
in Purkinje cells at both stages,31 suggest-
ing that GAP-43 is unlikely to be the 
main effector responsible for the changes 
observed in the cerebellum of the ric-
tor-deficient brains. The PKC substrate 

Figure 1. model for the regulation of actin cytoskeletal dynamics by mtorC2. Activation of PKC by mtorC2 results in a phosphorylation of GAP-43-like 
proteins, mArCKS and GAP-43, which dissociate from PI(4,5)P2 rafts and make PI(4,5)P2 accessible for other actin cytoskeletal regulating proteins or 
hydrolysis. In parallel, PKC causes free-barbed actin filament ends by phosphorylating adducin which promotes actin dynamics. Association of mtorC2 
with tiam1 and the regulation of its downstream targets may also contribute to actin filament stabilization. In this model, mtorC2 affects depolymeriza-
tion and polymerization of actin at different sites by controlling PKC- and tiam1-signaling.
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perturbation of their function may affect 
both parts of the synapse. A presynaptic 
effect seems indeed to dominate over the 
postsynaptic effect in Drosophila, where 
it has been shown that the presynaptic 
expression of adducin (also called Hts) 
is sufficient to rescue the morphological 
changes at the neuromuscular junction of 
adducin-deficient flies.50 These studies are 
very strong evidence that adducins can 
affect actin dynamics and thereby influ-
ence synaptic plasticity. Thus, many of 
the phenotypes observed in mice that are 
deficient for rictor in neurons might be 
based on the changes in PKC signaling.

Conclusion

We propose that actin cytoskeleton 
regulation by mTORC2 occurs in a 
canonical manner, for example via PKC 
activation and their downstream targets 
like GAP-43, MARCKS or adducin. To 
satisfy the demands of the brain for func-
tional and anatomical plasticity, it might 
express not only a subset of mTORC2 
downstream targets that regulate actin 
dynamics but a rather large panel of 
them, thereby possibly generating some 
redundancy, which in turn also might 
guarantee stability. The last notion is also 
reflected in the suggestion that GAP-43-
like proteins possibly compensate the 
knockout of each other. However, usage 
of different mTORC2 downstream tar-
gets likely also varies among different 
brain regions and during brain develop-
ment, dependent on their temporal and 
spatial expression profiles. In general, 
ablation of rictor in the brain seems to 
cause dysregulation of several proteins 
involved in actin cytoskeleton rearrange-
ment and hence result in strong morpho-
logical changes. Additionally, the brain 
is an optimal organ to detect morpho-
logical alterations on the cellular level 
since neurons show elaborate growth and 
branching of neurites.
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In the hippocampus, one can dis-
tinguish an early phase-LTP (E-LTP), 
which is based on changing the conduc-
tance or number of ion channels in the 
postsynaptic membrane and a late form, 
called L-LTP, which requires new protein 
synthesis and involves structural changes 
of the synapses. Recent work by Huang 
and colleagues (2013) provided strong 
evidence that rictor is required for L-LTP. 
The paper very nicely shows that rictor 
regulates actin polymerization, which is 
well known to affect synaptic plasticity, 
and that the defect in L-LTP results in 
a learning deficit in the mutant mice. 
Importantly, both the deficit in L-LTP 
and the impairment in learning are res-
cued by the application of jasplakinolide, 
which directly promotes actin polymer-
ization.19 While Huang and colleagues 
provide evidence that the phenotype 
might be based on the rictor function 
to affect phosphorylation of Akt and on 
its regulatory function on the Tiam1-
Rac1 pathway, changes in PKC signaling 
might also contribute to the phenotype as 
outlined below.

In particular, the PKC downstream 
target β-adducin has been implicated in 
synaptic plasticity in the hippocampus 
as mice deficient for β-adducin show 
an impairment in CA3-CA1 LTP and 
LTD and deficits in spatial learning.47,48 
Noteworthy, these knockout mice also 
show motor coordination deficits, which 
manifest in a decreased latency to fall off 
a rotating rod. When β-adducin knock-
out mice are exposed to an enriched 
environment, a stimulus that increases 
synapse formation and turnover, synapses 
still disassemble but fail to be reformed, 
which is paralleled by deficits in aug-
mented hippocampus-dependent learn-
ing. Enhanced enrichment upregulates 
phosphorylation of β-adducin in a PKC-
sensitive manner and PKC activity was 
found to be crucial for the disassembly 
of synapses upon enrichement, a process 
that is essential for augmented learning 
as well. Altogether, these findings dem-
onstrate the importance of β-adducin 
and its PKC-mediated phosphorylation 
for hippocampal synaptic plasticity that 
underlies augmented learning.49 It should 
be noted that adducins are expressed both 
pre- and postsynaptically suggesting that 

and the synchrony with the postsynap-
tic elements, synapses are strengthened 
(long-term potentiation; LTP) or weak-
ened (long-term depression; LTD).

For example, the parallel fiber syn-
apses of a Purkinje cell become depressed 
when stimulated in conjunction with 
a postsynaptic depolarization of the 
Purkinje cell via the innervating climb-
ing fiber. PKC isoforms have been shown 
to be essential for this form of cerebellar 
LTD. This has been demonstrated using 
pharmacological inhibitors or activators 
of PKC and also by Purkinje cell-specific 
expression of a peptidic PKC inhibi-
tor.39,40 Surprisingly, a knockout of PKCγ, 
the major PKC isoform in Purkinje cells, 
does not affect cerebellar LTD41 but more 
recent evidence indicates that PKCα is 
the essential isoform for this kind of syn-
aptic plasticity.42 Although Purkinje cells 
of PKCγ knockout mice reveal normal 
cerebellar LTD, they fail to reduce the 
number of climbing fibers to a single one 
during their development, which results 
in adult Purkinje cells innervated by 
multiple climbing fibers.43 Interestingly, 
climbing fiber synapse elimination is 
also compromised in mice in which ric-
tor is specifically depleted in Purkinje 
cells (Angliker and Rüegg, unpublished 
observation). Thus, this provides addi-
tional evidence that the neuronal pheno-
type observed in rictor-deficient neurons 
might be based on changes in PKC 
signaling.

Probably the best characterized form 
of LTP is generated between neurons of 
CA3 and CA1 region of the hippocam-
pus upon high frequency stimulation 
of the Schaffer collaterals. The use of 
PKC inhibitors and activators has pro-
vided solid evidence for the notion that 
PKC isoforms also contribute to syn-
aptic plasticity in the hippocampus.44 
Furthermore, there is evidence that 
PKC activation and expression is lost in 
transgenic mouse models that reiterate 
the memory loss observed in Alzheimer 
disease. Importantly, treatment of those 
mice with the PKC activator bryostatin-1 
or DCP-LA prevents the loss of mem-
ory.45 In line with this finding, the same 
activators have been reported to promote 
LTP in hippocampal slices.46
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