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Abstract

Emerging evidence is implicating abnormal activation of the mechanistic target of rapamycin
(mTOR) pathway in several monogenetic neuropsychiatric disorders, including Angelman
syndrome (AS), which is caused by deficiency in maternally inherited UBE3A. Using an AS
mouse model, we show that semi-chronic rapamycin treatment improves long-term potentiation
(LTP) and actin polymerization in hippocampal slices, spine morphology, and fear-conditioning
learning. Activity of mTORC1 and of its downstream substrate, S6K1, was increased in
hippocampus of AS mice. However, mTORC?2 activity, as reflected by PKCa levels, was
decreased. Both increased mTORCL1 and decreased mTORC2 activity were reversed by semi-
chronic rapamycin treatment. Acute treatment of hippocampal slices from AS mice with
rapamycin or an S6K1 inhibitor, PF4708671, improved LTP, restored actin polymerization, and
normalized mTORC1 and mTORC2 activity. These treatments also reduced Arc levels in AS mice.
Treatment with Torin 1, an inhibitor of both mMTORC1 and mTORC?2, partially rescued LTP and
actin polymerization in hippocampal slices from AS mice, while partially impairing them in wild-
type (WT) mice. Torin 1 decreased mTORCL1 and increased mTORC2 activity in slices from AS
mice but inhibited mMTORC1 and decreased mTORC2 in WT mice. Finally, an mTORC2 activator,
A-443654, increased hippocampal LTP in AS mice and actin polymerization in both WT and AS
mice. Collectively, these results indicate that events set in motion by increased mTORC1 and
decreased mTORC2 activities, including increased Arc translation and impaired actin remodeling,
are crucial in AS pathogenesis. Therefore, selectively targeting these two master kinase complexes
may provide new therapeutic approaches for AS treatment.
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Introduction

Angelman syndrome (AS) is a genetic neurodevelopmental disorder characterized by severe
developmental delay, language and cognition deficits, motor impairment [1,2], and, in many
patients, seizure activity and autistic behavior [1,3,4]. AS is caused by the deficient
expression of the maternally inherited UBE3A gene in neurons [5-7]. Mice with maternal
Ube3A deficiency (AS mice) exhibit several features of the human disease, including
reduced brain size, abnormal electroencephalogram, learning and memory deficits and
impairment in long-term potentiation (LTP) [8-11], and motor dysfunction [12,9,13].
However, the molecular bases of these alterations are not completely clear. Increased
expression of the immediate-early gene Arc (activity-regulated cytoskeleton-associated
protein) was proposed to be involved in synaptic plasticity impairment, after it was identified
as a substrate of UBE3A and postulated to be degraded by UBE3A-mediated ubiquitination
[14]. However, a recent study argued that UBE3A regulates Arc at the transcriptional level
rather than through direct ubiquitination [15]. Nevertheless, increased Arc levels could
account for LTP impairment, since Arc promotes AMPAR (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor) internalization, thereby reducing AMPAR-mediated
synaptic responses [16—-18]. Increased Arc levels have also been shown to disrupt LTP
induction and maintenance in AS mice by interrupting brain-derived neurotrophic factor
(BDNF) signaling [19].

Abnormal signaling of the mechanistic target of rapamycin (MTOR) pathway has been
implicated in multiple monogenetic neurodevelopmental disorders linked to autism spectrum
disorders [20]. mTOR consists of two distinct complexes, mTORC1 and mTORC?2, each of
which critically contributes to synaptic plasticity and memory [21], although much less is
known regarding the roles of mTORC2. Both mTORCL1 downstream targets, 4E-BPs and
S6K1/2, and upstream effectors of mTOR such as TSC1/2 have been implicated in synaptic
plasticity and memory [22]. Several groups have shown that mTORC2 activity is crucial for
actin polymerization and memory [23-26]. We recently reported that imbalanced mTORC1
and mTORC?2 activities play important roles in motor dysfunction and abnormal dendritic
spine morphology of Purkinje neurons in AS mice [27]. These findings prompted us to
investigate whether Ube3A deficiency affected mTOR signaling in hippocampus of AS
mice. Here we report that Ube3A deficiency results in increased mTORC1 activity as
evidenced by increased S6K1 and S6 phosphorylation, and decreased mTORC2 activity with
reduced PKCa levels. These alterations are causally associated with impairments in
hippocampal LTP, actin polymerization, and fear-conditioning learning in AS mice, since
either inhibition of MTORC1-S6K1 or enhancement of mMTORC?2 activity significantly
ameliorates these impairments.

Cell Mol Life Sci. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 3

Materials and methods

Animals

Ube3AMMIAIDI mice (AS mice) were purchased from The Jackson Laboratory (Bar Harbor,
MN). Mice were maintained on the hybrid B6;129 background. Wild-type (WT) and AS
mice were obtained through in-house breeding of heterozygous females with WT males
(both on the hybrid background). Genotype was determined as previously described [8].
Animal handling and experimental use followed protocols approved by the local Institutional
Animal Care and Use Committee (IACUC). In all experiments, male AS mice and WT
littermates aged between 2—4 months were used. Mice were kept on a 12-h light/dark cycle,
with food and water available ad libitum and were housed in groups of 2-3 per cage.

Rapamycin treatment

Rapamycin (LC Laboratories, Woburn, MA) was prepared as previously described [27]. For
details, see Supplementary materials and methods. AS and WT mice were randomly
assigned to either drug or vehicle groups and injected intraperitoneally (i.p.) with either
rapamycin (5 mg/kg) or vehicle once a day for a total of five days before the following
experiments.

Fear conditioning

Rapamycin- or vehicle-treated AS and WT mice were tested blindly by an observer. Fear
conditioning was performed using a standard technique, as described previously [28]. For
details concerning the fear conditioning training and testing, see Supplementary materials
and methods.

Tissue collection, P2/S2 fractionation and Western blot analysis

Twenty-four hours after the last rapamycin treatment, mice were deeply anesthetized using
gaseous isoflurane and decapitated. The whole brain was removed and various brain regions
including hippocampus were dissected. Brain tissues were immediately frozen on dry ice
and stored at —80 °C until further processed.

P2/S2 fractionation and Western blots were performed according to published protocols
[27]. For details concerning homogenization buffers, P2/S2 fractionation and Western blot
procedures, and sources and concentrations of antibodies, see Supplementary materials and
methods.

Dendritic spine analysis

Twenty-four hours after the last rapamycin treatment, mice were deeply anesthetized using
gaseous isoflurane and then decapitated. The brain was rapidly removed and Golgi
impregnation was performed according to our published protocol [27] and outlined in the
FD Rapid GolgiStain Kit (FD Neurotechnologies, Ellicott, MD). The number of spines
located on randomly selected dendritic branches was counted manually by an investigator
blind to genotype and treatment. Spine density was calculated by dividing the number of
spines on a segment by the length of the segment and was expressed as the number of spines
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per um of dendrite. Five to seven dendritic branches between 10 and 20 um in length were
analyzed and averaged to provide a section mean.

Immunohistochemistry

After behavioral testing, mice were sacrificed under deep anesthesia using pentobarbital
(i.p.) and were perfused through the left cardiac ventricle with phosphate buffered saline
(PBS) followed by 4% paraformaldehyde (PFA). Free-floating sections (20 um) were
processed for immunohistochemical staining as previously described [27]. For details, see
Supplementary materials and methods.

Acute hippocampal slice preparation, electrophysiology, and in situ phalloidin labeling

Acute hippocampal transversal slices (350 um-thick) were prepared from adult male mice as
previously described [8], and recording was done according to published protocols [28]. For
details, see Supplementary materials and methods. Rapamycin (50 nM), PF-4708671 (5
uM), Torin 1 (250 nM), or A-443654 (500 nM) were applied to slices for 30 minutes before
theta-burst stimulation (TBS). Some of the slices were processed for either P2/S2
fractionation and Western blots or actin polymerization assay. Phalloidin staining of
filamentous actin (F-actin) was performed as previously described [8]. All images were
taken in CA1 stratum radiatum between the stimulating and recording electrodes.

Actin polymerization assay

Actin polymerization was quantified by measurement of “rhodamine-phalloidin fluorescent
enhancement”, as previously described with minor modifications [29]. For details, see
Supplementary materials and methods.

Statistical analysis

Error bars indicate standard errors of the mean. To compute p values, two-way ANOVA with
Newman-Keuls post-test was used.

Results

1. Semi-chronic rapamycin treatment promotes LTP, improves dendritic spine morphology
and learning and memory performance in AS mice

We first determined the effects of semi-chronic rapamycin treatment on LTP in hippocampal
slices from AS mice and WT littermates. As previously reported [8,11,28], TBS elicited LTP
in field CA1 of hippocampal slices in vehicle-treated WT mice, whereas it only elicited
transient facilitation in vehicle-treated AS mice (Fig. 1a,b). Systemic treatment with
rapamycin (5 mg/kg) for 5 days improved TBS-elicited LTP in hippocampal slices from AS
mice (Fig. 1a,b), while it did not affect TBS-induced LTP in slices from WT mice (Fig.
1a,b). We also determined the effect of rapamycin treatment on TBS-induced actin
polymerization using Alexa 568-conjugated phalloidin, which selectively binds to F-actin.
TBS elicited a clear increase in the number of F-actin-positive puncta in slices from WT but
not AS mice. Semi-chronic rapamycin treatment markedly enhanced TBS-induced actin
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polymerization in slices from AS mice, but had no effect in WT mice (Fig. 1c,d), nor did it
affect F-actin basal levels (Figure S1).

We also performed Golgi staining in hippocampal CA1 region of WT and AS mice treated
with rapamycin or vehicle. As previously reported [30], spine density was lower in AS mice,
as compared with WT mice (Fig. 1e,f). Rapamycin treatment partially normalized number
and morphology of dendritic spines of hippocampal pyramidal neurons in AS mice, but did
not affect these parameters in WT mice (Fig. 1e,f).

We used the fear-conditioning paradigm to determine whether the 5-day rapamycin
treatment could also reverse learning impairment in AS mice. As previously reported [28],
AS mice were impaired in context- and tone-dependent fear learning, and rapamycin
treatment significantly enhanced their performance in both types of learning (Fig. 2). Under
our experimental conditions (3 conditioned stimuli (CS) paired with 3 unconditioned stimuli
(US)), rapamycin treatment did not affect learning in WT mice (Fig. 2). Additionally, there
was no difference in freezing time in the pre-conditioning period, or before tone application
in the testing period between all experimental groups (Fig. 2).

2. mTORCI1 signaling is increased while mTORC2 activity is reduced in hippocampus of
AS mice; both are normalized by rapamycin treatment

We next analyzed the phosphorylation/activation status of mTOR in hippocampal crude
membrane (P2) fractions from rapamycin- and vehicle-treated mice. Levels of mTOR
phosphorylated at Ser2448 and Ser2481 were increased in AS mice (Table 1, Figure S2A),
and rapamycin treatment significantly reduced them to control values, while it had no effect
in WT mice (Table 1, Figure S2A). Levels of TSC2, an inhibitory regulator of mTOR, were
significantly higher in AS mice, as compared to WT mice. However, inhibitory
phosphorylation of TSC2 at Thr1462 (p-TSC2) was also significantly increased, although
the ratio of p-TSC2/TSC2 was only slightly increased in P2 fractions of AS mice (Table 1,
Figure S2B). Rapamycin treatment significantly reduced p-TSC2 levels in AS and WT mice,
but did not alter total TSC2 levels (Table 1, Figure S2B). These results suggest that
increased TSC2 inhibitory phosphorylation may reduce its inhibition of mTOR and that
phosphorylation of TSC2 at Thr1462 is mediated by a rapamycin-sensitive kinase, which is
consistent with what we reported in cerebellum of AS mice [27].

We next evaluated mTORC1 and mTORC?2 activity by analyzing the phosphorylation status
of some of their respective downstream substrates. Levels of mMTORC1 downstream proteins,
p-S6K1-Thr389 and p-S6-Ser235/236/p-S6-Ser240/244, were significantly increased in AS
mice, as compared to WT mice (Table 1, Figure S2C) and the increases in AS mice were
significantly reduced by rapamycin treatment (Table 1, Figure S2C). Rapamycin treatment
also significantly reduced S6 phosphorylation in WT mice (Table 1, Figure S2C).
Immunofluorescence examination of p-S6K1-Thr389 confirmed the western blot results
(Figure S3).

We then determined levels of PKCa, since previous reports indicated that mTORC2-
mediated PKCa phosphorylation was critical for its stability [31,32]. PKCa levels were
significantly reduced in AS mice, as compared to WT mice, an effect that was reversed by

Cell Mol Life Sci. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal.

Page 6

rapamycin treatment (Table 1, Figure S4). Rapamycin treatment also increased levels of
PKCa in P2 fractions of WT mice (Table 1, Figure S4). Levels of inhibitory
phosphorylation (at Thr1135) of Rictor, an mTORC2 component [33], were significantly
increased in AS mice, as compared to WT mice (Table 1, Figure S4), confirming that
mTORC2 activity was reduced. Rapamycin treatment markedly decreased p-Rictor levels in
both AS and WT mice (Table 1, Figure S4).

3. Acute application of rapamycin or the S6K inhibitor PF-4708671 normalizes
hippocampal LTP and promotes actin polymerization in AS mice

We next asked whether acute inhibition of mMTORCL1 or S6K could improve synaptic
plasticity in hippocampal slices of AS mice. Pre-incubation of hippocampal slices from AS
mice with rapamycin (50 nM) or PF-4708671 (5 uM), a novel and specific S6K1 inhibitor,
for 30 min reestablished TBS-elicited LTP to levels identical to those in WT mice (Fig. 3a—
d). Rapamycin or PF-4708671 at the concentrations used did not affect TBS-induced LTP in
slices from WT mice (Fig. 3a—d).

We then determined the effects of rapamycin or PF-4708671 treatment of hippocampal
slices on basal levels of actin polymerization. Actin polymerization in hippocampal slices
from AS mice was decreased as compared to WT mice. Inhibition of mTORC1 by
rapamycin or PF-4708671 significantly increased actin polymerization in AS hippocampal
slices, while it had no effect in WT slices (Fig. 3e). Western blot results showed that
treatment with rapamycin or PF-4708671 increased mTORC?2 activity, as assessed with
increased PKCa levels in hippocampal slices from both WT and AS mice (Fig. 3f). It has
been previously reported that actin dynamics regulate AMPA receptor trafficking during
synaptic plasticity [34]. We therefore analyzed GIluAl levels in P2 fractions from acute
hippocampal slices from WT and AS mice treated with vehicle, rapamycin, or PF-4708671.
In vehicle-treated animals, levels of GIuA1 were slightly lower in slices from AS mice as
compared to those from WT mice; these alterations were reversed by treatment with either
rapamycin or PF4708671 (Fig. 3f).

4. mTORC1/S6K1 inhibition in AS mice is associated with reduction in Arc levels

We analyzed Arc levels in P2 fractions from acute hippocampal slices treated with vehicle,
rapamycin or PF-4708671. In vehicle-treated slices, levels of Arc were significantly higher
in AS mice as compared to WT mice; these alterations were reversed by treatment with
either rapamycin or PF4708671 in hippocampal slices (Fig. 4a,b). Of note, changes in Arc
levels were paralleled with changes in S6 phosphorylation (Fig. 4a,b). Together, these results
suggest that mMTORC1/S6K1/S6 over-activation contributes to increased Arc levels in AS
mice. Acute rapamycin or PF4708671 treatment also decreased Arc levels in WT
hippocampal slices (Fig. 4a,b).

Immunofluorescence examination of Arc in CA1 dendritic field showed that Arc-
immunoreactive puncta were distributed along apical dendrites and partially co-localized
with PSD95-immunopositive profiles (Fig. 4c). Quantitative analysis showed that the
percentage of the puncta dually-stained with Arc and PSD95 was significantly increased in
AS mice, an effect which was reversed by semi-chronic rapamycin treatment (Fig. 4d).

Cell Mol Life Sci. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sunetal. Page 7

There was no significant difference in the overall number of PSD95-immunopositive puncta
between all experimental groups (Fig. 4d).

5. Effects of Torin 1, an inhibitor of both mMTORC1 and mTORC2, and of A-443654, an
mMTORC2 activator, on hippocampal LTP in WT and AS mice

To further verify the role of mMTORC2 in LTP, we pretreated hippocampal slices for 30 min
with Torin 1, a potent inhibitor of both mTORC1 and mTORC2. Torin 1 treatment
significantly reduced LTP in WT hippocampal slices (Fig. 5a,b). We also determined the
effect of Torin 1 treatment on TBS-induced actin polymerization. TBS elicited a clear
increase in the number of F-actin-positive puncta in WT slices, but not in Torin 1-treated
WT slices (Fig. 5¢). In contrast, Torin 1 treatment partially rescued LTP and actin
polymerization in AS hippocampal slices (Fig. 5a—c). It has been shown that Torin 1 inhibits
mMTORC1 and mTORC?2 in cell-free kinase assays with 1C50 values of 2 nM and 10 nM,
respectively [35,36]. It is possible that in AS mice, Torin 1-mediated direct inhibition of
mMTORC2 was overcome by mTORC1 inhibition-induced disinhibition of mMTORC2. We
therefore analyzed levels of PKCa and p-S6 in P2 fractions from Torin 1- or vehicle-treated
acute hippocampal slices. In Torin 1-treated WT slices, levels of PKCa were slightly lower
as compared to vehicle-treated WT slices, while in Torin 1-treated AS slices, levels of PKCa
were higher as compared to vehicle-treated AS slices (Fig. 5d). In contrast, Torin 1 treatment
reduced levels of p-S6 in both WT and AS slices (Fig. 5d).

We also pretreated hippocampal slices with A-443654, which increases mTORC2-mediated
phosphorylation of Akt at Ser473 (independently of mMTORC1) [37]. It has been reported
that A-443654 promoted mTORC?2 activity and actin polymerization in WT slices, but not in
mTORC2-deficient slices [24]. Pre-incubation of A-443654 for 30 min improved TBS-
elicited LTP in hippocampal slices from AS mice (Fig. 5e,f), while it did not affect TBS-
induced LTP in slices from WT mice (Fig. 5¢,f). Of note, acute A-443654 treatment
markedly enhanced TBS-induced actin polymerization in both WT and AS slices (Fig. 5g).
P-Akt levels in P2 fractions from acute hippocampal slices of WT and AS mice were also
increased after A-443654 treatment (Figure S5).

Discussion

Abnormal mTOR signaling has been implicated in a number of monogenetic and sporadic
brain disorders, including tuberous sclerosis, Fragile X syndrome, AS, Alzheimer’s disease,
schizophrenia, and epilepsy [38—40]. Thus, manipulations of the mTOR signaling pathway
represent attractive drug development approaches, and as a result, a few compounds have
entered clinical trials for several neurological disorders [39]. However, signaling along the
mTOR kinase complexes and their downstream cascades is nothing but complicated.
Although mTORC1 and mTORC2 share common subunit proteins, they also have distinctive
components, which are activated by different upstream factors, and once activated, mMTORC1
and mTORC?2 initiate different signaling cascades. We previously reported that mTORC1
activity was increased while mTORC2 activity was decreased in cerebellar Purkinje neurons
in AS mice. Here we report similar imbalanced mTORC1 and mTORC?2 activities in
hippocampus of AS mice. We showed that increased mTORC1 activity contributes to
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cognitive deficits in AS mice, since both acute and semi-chronic rapamycin applications
rescued hippocampal LTP and actin polymerization and semi-chronic application also
significantly improved fear-conditioning learning. Furthermore, acute application of an
S6K1 inhibitor, PF-4708671, also rescued hippocampal LTP and actin polymerization. Of
note, Bhattacharya et al [41] recently showed that PF-4708671 reversed several phenotypes
in Fragile X syndrome mice. On the other hand, decreased mTORC2 activity was equally
important, as Torin 1 partially rescued LTP and actin polymerization in AS mice, while
partially impairing them in WT mice. In addition, directly activating mTORC2 with
A-443654 also rescued LTP and actin polymerization in AS mice. Finally, since both
rapamycin and PF-4708671 treatments also increased mTORC2 activity in AS mice,
mTORC1-S6K1 over-activation is responsible for reduced mTORC?2 activation, most likely
through S6K1-mediated inhibitory phosphorylation of Rictor [42].

What could be the downstream effectors of mMTORC1 and mTORC2 that contribute to
synaptic plasticity and learning deficits in AS mice? The best characterized function of
mTORC1 is to stimulate protein translation by phosphorylating/activating 4E-BP and S6K1
[39,43]. The immediate-early gene product, Arc, is locally synthesized in an activity-
dependent manner [44] and its levels have been shown to be elevated in AS mice [14,15].
We found that increased Arc expression in AS mice was normalized by treatment of
hippocampal slices with rapamycin or PF-4708671. It is therefore conceivable that over-
activation of the mTORC1-S6K1 pathway results in synaptic plasticity impairment in AS
mice by increasing Arc translation, since Arc induces AMPA receptor endocytosis. In
support of this argument, both rapamycin and PF-4708671 treatment increased GIuA1
synaptic levels in AS mice. Additionally, Cao et al [19] reported that increased Arc levels in
AS mice inhibited LTP induction and maintenance by reducing BDNF signaling through
blocking the interaction between BDNF receptor TrkB and PSD95. We previously reported
that treatment with a positive AMPA receptor regulator also restored LTP in AS mice,
possibly through increased BDNF release [8]. Since BDNF signaling is impaired in AS
mice, whether rapamycin treatment improves BDNF signaling remains an interesting
question to be addressed. It is noteworthy that a recent study showed that rapamycin
treatment also restored exogenous BDNF-induced LTP in a mouse model of Down
syndrome [45].

In contrast to mMTORC1, much less is known regarding the roles of mMTORC?2 in
hippocampal synaptic plasticity and learning and memory. Huang and colleagues [24]
recently showed that selective reduction of mMTORC?2 activity in postnatal murine forebrain
by deletion of Rictor greatly impaired both long-term memory and the late phase of
hippocampal LTP. They further demonstrated that mTORC2 facilitated LTP and memory by
promoting actin polymerization. Subsequently, they showed that brain mTORC2 activity is
reduced with age in both fruit flies and rodents in parallel with reduced actin polymerization
[46]. These findings are not surprising, as mTORC2 has been shown to participate in actin
polymerization [23-26]. Knockout of Rictor, either in whole brain or specifically in Purkinje
neurons, resulted in changes in neuronal morphology, especially in Purkinje neurons in a
PKC-dependent manner [26]. Additionally, it has been suggested that many of the
phenotypes observed in Rictor-deficient mice may be due to abnormal PKC signaling [47].
Thus, decreased mTORC2 activity and the resulting decrease in PKCa levels could be, at
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least partially, responsible for the decreased spine density of hippocampal pyramidal neurons
in AS mice reported here as well as in previous studies [30]. Reduced actin polymerization
in hippocampus of AS mice, which is likely due to reduced mTORC?2 activity, could account
for alterations in dendritic spine morphology. We previously reported that correcting
mTORC2 activity was associated with normalizing spine morphology in cerebellar Purkinje
neurons in AS mice [27]. These results indicate that mTORC2 plays important roles in
maintaining neuronal morphology through regulation of the cytoskeletal network, either
directly or indirectly via PKCa and other downstream effectors. Along this line, emerging
evidence indicates that manipulation of the evolutionary conserved cell motility machinery
may provide promising treatment for cognitive disorders (see [48] for a recent review).

In summary, using rapamycin, Torin 1, PF-4708671, and A-443654, we provide evidence
that Ube3A deficiency in hippocampus of AS mice resulted in increased activities of
mTORC1 and of its downstream target S6K1, which reduced the activities of mMTORC2
through Rictor inhibitory phosphorylation. Our results also showed that enhanced mTORC1-
S6K1 activities may contribute to LTP and learning impairment through increased Arc
protein synthesis, while reduced mTORC2 activities may be responsible for abnormal actin
cytoskeleton dynamics in AS mice. These results are of considerable importance because
they demonstrate that, although abnormal mTOR signaling has been implicated in a number
of neurological and neuropsychological disorders, the two mTOR complexes may exhibit
different, and sometime opposite, alterations. They also suggest that for AS patients,
manipulations of mTOR pathways should be directed at reestablishing a normal balanced
activation of mMTORC1 and mTORC?2, by using an mTORC1 inhibitor, PF-4708671 or an
MTORC2 activator, A-443654.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Effects of semi-chronic rapamycin treatment on LTP and dendritic spine morphology in

hippocampus of WT and AS mice. (a) Reversal of LTP impairment in AS mice by semi-
chronic rapamycin treatment. Slopes of fEPSPs were normalized to the average values
recorded during the 10 min baseline. (b) Means + S.E.M. of fEPSPs measured 30 min after
TBS in different groups. N = 3-5 slices from 3-5 mice. Insert shows representative traces of
evoked fEPSPs before and 30 min after TBS. Scale bar: 0.5 mV/10 ms. (c—d) Rapamycin
treatment promotes TBS-induced actin polymerization in hippocampal slices from AS mice.
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(c) Representative images of /n situ phalloidin staining after TBS in CA1 region of
hippocampus from vehicle- or rapamycin-treated WT or AS mice. Scale bar = 20 um. (d)
Quantitative analysis of F-actin staining. Results are means + S.E.M. *p < 0.05, **p < 0.01,
***p < 0.001 (n=3 for each experimental group; two-way ANOVA followed by Newman-
Keuls post-test). (e-f) Effects of rapamycin treatment on dendrites and spines of CA1
pyramidal neurons in WT and AS mice. (e) Representative light micrograph images from
Golgi-impregnated CA1 pyramidal neurons. Scale bar = 10 ym. (f) Quantitative analysis of
dendritic spine density shown in e (means £ SEM from 10 slices). *p<0.05, ***p<0.001, as
compared to vehicle-treated wild-type mice, and ##p<0.01, ###p<0.001, as compared to
vehicle-treated AS mice, two-way ANOVA with Newman-Keuls post-test. n.s., not
significant
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s

Pre-tone

Tone

Effects of semi-chronic rapamycin treatment on fear-conditioning learning in WT and AS
mice. (a) Percent freezing for different experimental groups in context memory (means +
S.E.M. of 6-9 mice). (b) Percent freezing for different experimental groups in tone memory

(means + S.E.M. of 6-9 mice). **p<0.01, ***p<0.001, as compared to WT controls;
#p<0.05, ##p<0.01, as compared to vehicle-treated AS mice; two-way ANOVA with

Newman-Keuls post-hoc analysis
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Fig. 3.

Effects of acute rapamycin or PF-4708671 treatment on LTP, actin polymerization and
PKCa and GIuAl levels in hippocampus slices of WT and AS mice. (a) Reversal of LTP
impairment in AS mice by acute rapamycin (50 nM) treatment. Slopes of fEPSPs were
normalized to the average values recorded during the 10 min baseline. (b) Means + S.E.M.
of fEPSPs measured 30 min after TBS in different groups. N = 3-5 slices from 3-5 mice.
Insert shows representative traces of evoked fEPSPs before and 30 min after TBS. Scale bar:
0.5 mV/10 ms. (c) Reversal of LTP impairment in AS mice by acute PF-4708671 (5 uM)
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treatment. Slopes of fEPSPs were normalized to the average values recorded during the 10
min baseline. (d) Means = S.E.M. of fEPSPs measured 30 min after TBS in different groups.
N = 3-5 slices from 3-5 mice. Insert shows representative traces of evoked fEPSPs before
and 30 min after TBS. Scale bar: 0.5 mV/10 ms. (e) Effects of rapamycin (50 nM) and
PF-4708671 (5 uM) treatment on actin polymerization in hippocampal slices from WT and
AS mice. Data represent means + SEM from 3 mice. (f) Representative images and
quantitative analysis of Western blots labeled with PKCa.,, GluA1 and B-actin antibodies in
P2 fractions of WT and AS hippocampal slices treated with vehicle, rapamycin or
PF-4708671. *p<0.05, ***p<0.001, as compared to vehicle-treated WT slices, and
##p<0.01, ###p<0.001, as compared to vehicle-treated AS slices, two-way ANOVA with
Newman-Keuls post-test
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Fig. 4.

Efgfects of rapamycin or PF-4708671 treatment on mTORCL signaling and Arc levels in
hippocampus of WT and AS mice. (a—b) Representative images and quantitative analysis of
Western blots labeled with p-S6 (235/236 and 240/244), S6, Arc, and B-actin antibodies in
P2 fractions of WT and AS hippocampal slices treated with vehicle, rapamycin or
PF-4708671. (c) Representative immunostaining images of Arc (green) and PSD95 (red) in
dendritic CA1 region of hippocampus from vehicle- or rapamycin- treated mice after fear
conditioning test. Scale bar = 20 pm. (d) Quantitative analysis of percentage of Arc and
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PSD95 dually-stained puncta/synapses and the number of PSD95-immunoreactive puncta.
Shown are means + SEM from 3 mice; **p<0.01, ***p<0.001, as compared to vehicle-
treated WT slices, and ###p<0.001, as compared to vehicle-treated AS slices, two-way
ANOVA with Newman-Keuls post-test
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Fig. 5.

Effects of acute Torin 1 or A-443654 treatment on LTP, actin polymerization and mTOR
signaling in hippocampus slices of WT and AS mice. (a) Effect of acute Torin 1 (250 nM)
treatment on LTP. Slopes of fEPSPs were normalized to the average values recorded during
the 10 min baseline. (b) Means + S.E.M. of fEPSPs measured 40 min after TBS in different
groups. N = 3-5 slices from 3-5 mice. (c) Effects of Torin 1 (250 nM) treatment on TBS-
induced actin polymerization in hippocampal slices from WT and AS mice. Scale bar = 20
um. (d) Representative images and quantitative analysis of Western blots labeled with
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PKCa, B-actin, p-S6 240/244, and S6 antibodies in P2 fractions of WT and AS hippocampal
slices treated with vehicle or Torin 1. (e) Effect of acute A-443654 (500 nM) treatment on
LTP. Slopes of fEPSPs were normalized to the average values recorded during the 10 min
baseline. (f) Means + S.E.M. of fEPSPs measured 40 min after TBS in different groups. N =
3-5 slices from 3-5 mice. (g) Effects of A-443654 (500 nM) treatment on TBS-induced
actin polymerization in hippocampal slices from WT and AS mice. Scale bar = 20 pm.
***n<0.001, as compared to vehicle-treated WT slices, and ##p<0.01, ###p<0.001, as
compared to vehicle-treated AS slices, two-way ANOVA with Newman-Keuls post-test
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Effects of rapamycin treatment on mTOR signaling pathway in hippocampus of WT and AS mice

Table 1

WT/VEH WT/RAPA | ASVEH AS/RAPA

EAT;%I-T-OR 100.0 6.9 95.8+2.3 185.1 + 910*** 109.3 + 9.8###
g;&lz—/gﬁ_OR 100.0 £ 6.5 76.1+5.9 143.4 + 9.8* 69.2 + 7'9##
p-TSC2/TSC2 1000£6.7 | 747+61" | 1274+74% | 835+11.3%
p-SGKllSGKl 100.0 £ 10.2 61.4+115 158.6 + 17.8* 43.7 + 10.8##
P-S6235/236/S6 [ 100.0£115 [ 442+39™ | 1300+40% | 36.4+6.4%%#
P-S6240/244/S6 | 1000£6.7 | 495+91% | 1832+9.0™ | 42.1+9.7%#
PKCa/B-actin 1000£5.0 | 1177+43% | 77.3+38™ | 100.4 + 3.2%#
p-Rictor/Rictor [ 100.0£7.1 [ 132+01™ | 1200+63" | 135+4.0%#
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WT and AS mice were treated with vehicle or rapamycin as described in Materials and methods. Animals were sacrificed at the end of the 5-day

treatment, and hippocampus were dissected and P2 fraction was prepared.

All quantitative data of Western blot analyses are presented as means + SEM from 3-6 mice;

p<0.05,

Hok

p<0.01,
Ak
#p<0.05,

<001,
w4

p<0.001, as compared to vehicle-treated AS mice, two-way ANOVA with Newman-Keuls post-test.
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