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Development/Plasticity/Repair

Synaptic Stimulation of mTOR Is Mediated by Wnt Signaling
and Regulation of Glycogen Synthetase Kinase-3

Tao Ma,' Nikos Tzavaras,' Panayiotis Tsokas,' Emmanuel M. Landau,'?> and Robert D. Blitzer!>
Departments of 'Pharmacology and Systems Therapeutics and 2Psychiatry, Mount Sinai School of Medicine, New York, New York 10029

The persistent or “late” phase of long-term potentiation (L-LTP), which requires protein synthesis, can be induced by relatively intense
synaptic activity. The ability of such strong synaptic protocols to engage the translational machinery and produce plasticity-related
proteins, while weaker protocols activate only posttranslational processes and transient potentiation (early LTP; E-LTP), is not under-
stood. Among the major translation control pathways in neurons, the stimulation of mammalian target of rapamycin (mTOR) is a key
event in the induction of L-LTP. We report that mTOR is tonically suppressed in rat hippocampus under resting conditions, a conse-
quence of the basal activity of glycogen synthetase kinase 3 (GSK3). This suppression could be overcome by weak synaptic stimulation in
the presence of the 3-adrenergic agonist isoproterenol, a combination that induced L-LTP, and activation of mTOR coincided with the
Akt-mediated phosphorylation of GSK3. Surprisingly, while isoproterenol alone elevated Akt activity, it failed to increase GSK3 phos-
phorylation or mTOR signaling, showing that Akt was uncoupled from these effectors in the absence of synaptic stimulation. With the
addition of weak stimulation, Akt signaled to GSK3 and mTOR, a gating effect that was mediated by voltage-dependent Ca®" channels and
the Wnt pathway. mTOR could be stimulated by pharmacological inhibition, enabling weak HES to induce L-LTP. These results establish
GSK3 as an integrator of Akt and Wnt signals and suggest that overcoming GSK3-mediated suppression of mTOR is a key event in the

induction of L-LTP by synaptic activity.

Introduction

Following repetitive stimulation of excitatory synapses in the hip-
pocampus, two distinct forms of LTP can be distinguished: the
relatively transient E-LTP, which requires only a weak induction
protocol and is mediated by an entirely posttranslational mech-
anism, and the more stable L-LTP, which requires a strong induc-
tion protocol and newly synthesized proteins (Frey and Morris,
1997). A detailed understanding of the signaling events that are
uniquely evoked by protocols that induce L-LTP should provide
insights into the mechanism for long-term memory (LTM) for-
mation, which like L-LTP is persistent, and requires a strong
initiating event and protein synthesis.

The protein kinase mammalian target of rapamycin (mTOR)
is stimulated by strong and not weak synaptic stimulation, and
mTOR activity (specifically, the mTORC1 complex) is required
for the induction of L-LTP and formation of LTM (Tsokas et al.,
2005; Gafford et al., 2011; Stoica et al.,, 2011). mTOR generally
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serves to match the rate of translation to demands for new pro-
teins that are imposed by extrinsic and intrinsic stimuli. Several
aspects of translation are controlled by mTOR, including the
synthesis of translational machinery that is encoded by mRNAs with
polypyrimidine sequences in their 5’ untranslated regions
(TOP mRNAs) (Meyuhas and Hornstein, 2000). TOP mRNAs
encode ribosomal proteins and translation elongation factors,
some of which are synthesized rapidly from transcripts in den-
drites, where an increase in translational capacity may con-
tribute to the localized synthesis of plasticity-related proteins
(Tsokas et al., 2007). Following L-LTP induction by high-
frequency stimulation (HFS), mTOR activity increases rapidly
in dendrites (Tsokas et al., 2005). However, the signaling net-
work that links synaptic stimulation to mTOR activation is
largely unknown.

mTOR is regulated by a canonical pathway that includes
phosphatidylinositol-3-kinase (PI3K), phosphoinositide-dependent
protein kinase 1 (PDK1), and Akt. Additional inputs to mTOR orig-
inate from other signaling proteins that have been implicated in
L-LTP, most notably extracellular signal-regulated kinase (ERK),
which can be activated by neuromodulatory inputs that facilitate
L-LTP induction in the hippocampus and are required for LTM
(Decker and McGaugh, 1991; O’Dell et al., 2010; Tully and Bol-
shakov, 2010). Importantly, the contribution of these modula-
tors to L-LTP may be obscured by the use of strong HFS
protocols, but can be observed in slices that are stimulated with
weak HFS, which becomes capable of inducing L-LTP when com-
bined with a neuromodulator such as a B-adrenoceptor agonist.
In principle, it should be possible to identify the signature signal-
ing events of a strong stimulus by comparing the consequences of
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weak HEFS when delivered in the presence versus the absence of
such an agonist.

Here, we show that GSK3 plays a central role in the synapti-
cally induced stimulation of mTOR. Basal GSK3 activity sup-
pressed mTOR under resting conditions, an inhibition that was
relieved by weak HFS in the presence of isoproterenol, but not by
weak HFS alone. The ability of strong stimulation to inhibit GSK3
depended on the convergent effects of Akt and the Wnt pathway,
revealing a previously unrecognized level of complexity in the
regulation of mTOR during synaptic plasticity.

Materials and Methods

Hippocampal slice preparation and electrophysiology. Male Sprague Daw-
ley rats (6—8 weeks old) were deeply anesthetized with halothane and
decapitated. The brain was rapidly removed and chilled in ice-cold arti-
ficial CSF (ACSF) containing (in mm) 118 NaCl, 3.5 KCl, 2.5 CaCl,, 1.3
MgSO,, 1.25 NaH,PO,, 24 NaHCOj, and 15 glucose, bubbled with 95%
0,/5% CO,. Transverse slices of dorsal hippocampus (450 wm thick)
were made on a tissue chopper at 4°C, and then placed in an interface
chamber (ACSF and humidified 95% O,/5% CO, atmosphere), where
they were maintained at room temperature for at least 2 h. For recording,
slices were transferred to a submersion chamber and superfused with
ACSF at 31 = 1°C. Monophasic, constant-current stimuli (100 us) were
delivered with a bipolar stainless steel electrode positioned in stratum
radiatum of area CA3, and field EPSPs (fEPSPs) were recorded in stratum
radiatum of area CA1, using electrodes filled with ACSF (Re = 2—4 M(}).
For all slices, initial spike threshold exceeded 2 mV. Signals were low-pass
filtered at 3 kHz and digitized at 20 kHz, and analyzed using Axobasic or
pClamp 9 (Molecular Devices). Three HES protocols were used: Weak
HES, consisting of two 1-s-long 100 Hz trains, separated by 20 s, and
delivered at a stimulus strength that evoked a fEPSP measuring 20% of
spike threshold; Strong HFS, identical to weak HFS but delivered at an
intensity that initially evoked a fEPSP of 75-80% of spike threshold; and
ISO-wHES, in which isoproterenol (1 um) was bath-applied for 10 min,
terminating with the delivery of weak HFS. In all experiments, the stim-
ulation protocol was delivered at least 30 min after transfer of the slices to
the recording chamber, when the basal fEPSP had been stable for at least
20 min. Control slices were placed in the recording chamber and sub-
jected only to test stimuli (0.033 Hz). Drug preincubations, where used,
were performed at room temperature in submersion maintenance cham-
bers containing ACSF saturated with bubbling 95% O,/5% CO,. Drugs
were prepared as stock solutions and diluted to final concentrations in
ACSF before use.

Western immunoblotting. Slices were removed from the recording
chamber or submersion maintenance chamber and immediately frozen
on slides resting on dry ice. The CA1 region was isolated in a cold room
(4°C) under a dissection microscope, and samples were stored at —80°C
for =3 d before assaying. Each CA1 region was homogenized in 80 ul of
ice-cold lysis buffer using a motorized Potter-Elvehjem homogenizer
directly in the Eppendorf tube (810 strokes, 1 stroke per second). The
components of the lysis buffer were (in mwm, unless indicated otherwise):
25 Tris-HCI, pH 7.4, 150 NaCl, 6 MgCl,, 2 EDTA, 1.25% NP40, 0.125%
SDS, 0.625% Na deoxycholate, 4 p-nitrophenyl phosphate, 25 Na fluo-
ride, 2 Na pyrophosphate, 20 dithiothreitol, 10 B-glycerophosphate, 1
M okadaic acid, phosphatase inhibitor cocktail I and II (Calbiochem), 1
phenylmethylsulfonyl fluoride (PMSF), 20 wg/ml leupeptin, and 4 pg/ml
aprotinin. Protein determination was performed using Bio-Rad RC-DC
Protein Assay kit (Bio-Rad). Appropriate volumes of 4X NuPage LDS
Sample Buffer (Invitrogen) and B-mercaptoethanol were added to the
homogenates, and samples were boiled for 5 min. Samples including
appropriate amount of protein were loaded on 8-10% SDS-PAGE
gels and resolved by standard electrophoresis, and proteins trans-
ferred electrophoretically onto nitrocellulose membranes (0.2 um
pore size) at 4°C. Membranes were blocked for at least 30 min at room
temperature with blocking buffer [BB; 5% nonfat dry milk in TBS
containing 0.1% Tween 20 (TBS-T)], or with Odyssey blocking buffer
(Licor Biosciences), then probed overnight at 4°C using primary anti-
bodies for phospho(T389)-p70S6K (1:5000; Cell Signaling Technology),
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eEF1A (1:10,000; Millipore), phospho(Thr202/Tyr204)-ERK (1:2000;
Cell Signaling Technology), phospho(T308)-Akt (1:1000; Millipore),
phospho(S473)-Akt (1:1000, Cell Signaling Technology), phospho(S21/
9)-GSK3-a/f3 (1:1000, Cell Signaling Technology) phospho(T607)-
Kv4.2 (1:300, Santa Cruz Biotechnology), Kv4.2 (1:500, Millipore),
phospho(T246)-PRAS40 (1:1000; Millipore), phospho(T172)-AMPK
(1:1000, Cell Signaling Technology), phospho(579)-ACC (1:1000, Cell
Signaling Technology), and actin (1:5000; Sigma-Aldrich). All primary
antibodies were dissolved in BB, or Odyssey buffer plus 0.01% SDS and
0.1% Tween. After washing in TBS-T (3 washes, 5 min each), the mem-
branes were incubated with horseradish peroxidase-conjugated anti-
rabbit or anti-mouse IgG (1:5000; Pierce Biotechnology), or with Licor
IRDye conjugated secondary antibodies (1:5000). Proteins were visual-
ized by chemiluminescence (GE Healthcare ECL Western Blotting Anal-
ysis System) or by infrared direct detection using the Odyssey Classic
system (Licor). Densitometric analysis of the bands was performed using
Scion Image software (Scion Corporation) for ECL, or with Odyssey
v.3.0 for direct IR. Data were analyzed using one-tailed and (where spec-
ified) two-tailed t tests or, where appropriate, ANOVAs followed by
Tukey post hoc tests, using Prism (GraphPad Software) and Origin
(OriginLab). Summary data are presented as group means * SEMs.

Immunohistochemistry and confocal microscopy. Slices were fixed over-
night in ice-cold 4% paraformaldehyde/0.1% glutaraldehyde in PBS, pH
7.4, then washed with PBS before cutting 40 um thick sections on a
vibratome (Leica VT 1000S). Free-floating sections were blocked with
10% normal goat serum, 1% BSA, and 0.1% Na azide in PBS for 2 h, and
incubated overnight at 4°C with primary antibodies in 1% BSA. The
following primary antibodies were used: phospho(Thr389)-p70S6K (1:
250; Cell Signaling Technology), phospho-GSK3-a (1:250; Cell Signaling
Technology), phospho-GSK3- (1:250; Cell Signaling Technology), and
B-tubulin (1:500; Sigma) as a control for antibody penetration. After
washing in PBS, sections were incubated in 1% BSA with secondary
antibodies complexed to either Alexa Fluor 568 or Alexa Fluor 488 (both
used at 1:250; Invitrogen). For experiments using serial immunohisto-
chemistry, slices were washed extensively after the first secondary incu-
bation before applying the next primary antibody. Processed sections
were mounted and imaged confocally (Zeiss LSM meta-510) at a scan-
ning depth of 1.9 um (200X) or 0.9 wm (400X). Alexa Fluor 488 immu-
nofluorescence was detected with an ArKr 488/568 laser set at 505-545
nm bandpass emission. The same laser was used with a 560—615 nm
long-pass emission filter for visualizing Alexa Fluor 568. All parameters
(pinhole, contrast, and brightness) were held constant for all sections
from the same experiment. For double-label experiments, scans at dif-
ferent wavelengths were digitally merged.

Drugs. All drugs were prepared as stock solutions in water or DMSO
and diluted to final concentrations in ACSF before use. The following
drugs, final concentrations, and sources were used: (—)-isoproterenol
(+)-bitartrate (1 um; Sigma), emetine (20 um; Calbiochem), rapamycin
(1 wm; Calbiochem), PD98059 (50 um; Calbiochem), U0126 (20 um;
Calbiochem), p-APV (50 um; Calbiochem), nifedipine (10 wm; Calbio-
chem), kenpaullone (1 um; Calbiochem), LiCl (10 mu, Sigma), Akt in-
hibitor VIII (5 wm; Calbiochem), Frizzled-8/Fc chimera (5 ug/ml; R&D
Systems), and dorsomorphin (50 um; Calbiochem). When a drug was
preapplied in the maintenance chamber, the same drug was present, at
the same concentration, in the recording chamber for the duration of the
experiment.

Results

Weak HFS combined with isoproterenol induces mTOR- and
ERK-dependent late LTP

Weak HFS (WHES) delivered to the Schaffer collaterals produced
a transient potentiation at CA1 synapses, which decayed to base-
line within 3 h (E-LTP; Fig. 1 A). In contrast, the same stimula-
tion delivered in the presence of the [-adrenergic agonist
isoproterenol (ISO-wHFS protocol) induced a more sustained
potentiation (L-LTP) that required protein synthesis, since only
transient potentiation remained in slices treated with the trans-
lation inhibitor emetine (Fig. 1A, B). The induction of L-LTP by
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Figure1. Weak HFS deliveredin the presence of isoproterenolinduces ERK- and mTOR-dependent late LTP. A, Pairing weak HFS
with T wumisoproterenol (IS0-wHFS) induced L-LTP (open circles, n = 14), whereas weak HFS alone induced only a transient E-LTP
(bluecircles, n = 14).1S0-wHFS failed toinduce LTP in slices treated with the ERK pathway inhibitor U0126 (20 wum; red circles,n =
4). Calibration: 0.5 mV, 20 ms. The sample traces, here and in B, were taken 5 min before and 180 min after HFS. B, The induction
of L-LTP by ISO-wHFS (open circles, n = 6) was blocked by pretreatment with emetine (20 rum; blue circles, n = 4) or rapamycin
(1 jam; red circles, n = 4). Calibration: 0.5 mV, 10 ms. €, Weak HFS that was delivered 75 min after isoproterenol washout induced

only E-LTP.
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ISO-wHES also depended on ERK activity,
since slices that were pretreated with the
MEK inhibitor U0126 (Fig. 1A) or the
structurally unrelated PD98059 (data not
shown) expressed only E-LTP, consistent
with previous results obtained with ISO-
wHES in mouse hippocampus (Gelinas et
al., 2007). ISO-wHFS did not induce L-LTP
in slices that were pretreated with the spe-
cific mTOR inhibitor rapamycin (Fig. 1B).
Isoproterenol by itself had no effect on syn-
aptic efficiency, and weak HFS failed to in-
duce L-LTP if it was delayed until 75 min
after isoproterenol (Fig. 1C). Therefore,
concurrent (-adrenergic stimulation and
weak HFS contributed synergistically to the
induction of L-LTP.

The coupling of Akt to mTOR is
conditional on synaptic stimulation

To gain insights into the signaling events
that lead to L-LTP, we studied pathways
that might underlie the synergistic rela-
tionship between isoproterenol and weak
HFS, focusing on mTOR regulation in
area CAl. We previously showed that our
weak HFS protocol does not, by itself,
stimulate mTOR (Tsokas et al., 2005).
However, B-adrenergic stimulation acti-
vates ERK, which is an early noncanonical
component of the mTOR regulatory net-
work, indirectly stimulating PDK1 (Fro-
din etal., 2000; Gelinas et al., 2007; Tsokas
et al., 2007). Thus, we tested whether iso-
proterenol increases mTOR signaling,
and in this way enables the E-LTP that is
induced by weak HFS to proceed to
L-LTP.

Isoproterenol by itself activated ERK
inarea CAl, as indicated by the phosphor-
ylation of ERK at T202/Y204 (Fig. 2A).
More importantly, isoproterenol also in-
duced the phosphorylation of Akt at the
PDK1-dependent site T308, in an ERK-
dependent manner (Fig. 2 B). Weak HFS
alone did not increase ERK or Akt phos-
phorylation, and the effects of ISO-wHFS
on these measures were no greater than
those of isoproterenol alone (Fig. 2A, B).
Thus, the activation of the mTOR regula-
tory pathway by ISO-wHES, at least as far
downstream as Akt, was mediated entirely
by B-adrenergic activation with no contri-
bution from weak HFS.

Unexpectedly, further downstream,
the stimulatory effect of isoproterenol
did not extend to mTOR itself. mTOR
activity was monitored by phosphoryla-
tion of p70-S6 kinase (p70S6K) at its
mTOR-dependent site T389, and by the
expression of a TOP mRNA-encoded
protein, translation elongation factor
1A (eEF1A). Neither isoproterenol nor
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and unless otherwise noted, indicate significant differences ( p <<0.05) from control slices that received only test stimuli. B, Isoproterenol alone increased Akt phosphorylation at 308 to the same
extentas ISO-wHFS (compare lanes 2 and 4), while weak HFS alone had no effect. The phosphorylation of Akt induced by ISO-wHFS was completely blocked by U0126 (20 wum). All group n values =6.
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weak HFS alone increased p70S6K phosphorylation or eEF1A
expression above baseline levels (Fig. 2C). However, the com-
bined ISO-wHES protocol produced robust increases in both
measures, indicating that signaling between Akt and mTOR
was contingent on a factor that is produced by synaptic stim-
ulation in the presence of isoproterenol. When ERK was in-
hibited, ISO-wHFS failed to stimulate mTOR (Fig. 2C), and in
fact reduced p70S6K phosphorylation and eEF1A expression
below control levels, suggesting that ISO-wHFS may activate
proteases and protein phosphatases whose effects are revealed
when ERK is inhibited. The spatial distribution of increased
mTOR signaling included the apical dendrites and cell bodies
of CA1 pyramidal neurons (Fig. 2 D), similar to previous stud-
ies where strong HFS was used to induce L-LTP (Cammalleri
et al., 2003; Tsokas et al., 2005).

Ca’”" channels mediate the conditional coupling of Akt
to mTOR
To identify the signaling events that enable signal propagation
from Akt to mTOR, we sought ERK-dependent effects that are
reliably produced by ISO-wHES, but not by weak HES or isopro-
terenol alone. One prominent role of ERK in synaptic plasticity is
based on its ability to phosphorylate and inhibit Kv4.2 potassium
channels, an effect that increases dendritic excitability and prob-
ably allows Ca*" influx during dendritic spikes that are evoked
during repeated excitatory stimulation (Yuan et al., 2002; Cai et al.,
2004; Schrader et al., 2006). We found that ISO-wHEFES produced an
ERK-dependent phosphorylation of Kv4.2 at the inhibitory site
T607. This effect was due entirely to isoproterenol treatment, with
no additional effect of concurrent weak HFS (Fig. 3A).

Ca** influx during dendritic spiking might play a role in
mTOR signaling, since Ca*>* entry has been shown to increase
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The coupling of Akt to mTOR is mediated by L-type VGCCs and NMDARs. 4, Isoproterenol (1 wm) alone induced ERK-dependent hyperphosphorylation of Kv4.2 channels at T607, with

no additional effect of concurrently delivered weak HFS. All n values = 6. B, In slices treated with nifedipine (Nif; 10 zum) or p-APV (50 wum), ISO-wHFS failed to increase p70S6K phosphorylation or
eEF1A expression (n = 6 forall groups). Here and in D, asterisks indicate p <<0.05 versus weak HFS-only controls. €, Both the dendriticand somatic increases in phospho-p70S6K following ISO-wHFS
were blocked when stimulation was delivered in the presence of nifedipine or 0-APV. The images are representative of three independent experiments. Scale bar, 100 pum. D, Nifedipine and o-APV
also prevented the ISO-wHFS-induced phosphorylation of mTOR at $2481, an autophosphorylation site. All group n values =5. E, Neither nifedipine nor -APV reduced the ability of isoproterenol
to increase the phosphorylation level of ERK or Akt. All n values >5. F, Incubation of slices with nifedipine interfered with the induction E-LTP [as defined by insensitivity to emetine (Fig. 1B)] and

L-LTP by ISO-wHFS. Both group n values =5.

mTOR activity (Tang et al., 2003; Lenz and Avruch, 2005; Kwon
etal.,2006). This influx is carried, in part, by L-type voltage-gated
Ca** channels (VGCCs), whose contribution is increased by
[B-adrenergic receptor activation (Hoogland and Saggau, 2004).
When L-type VGCCs were blocked by nifedipine, ISO-wHFS
failed to increase p70S6K phosphorylation or eEF1A expression,
and inhibition of NMDA-type glutamate receptor (NMDARs) by
D-APV also prevented these increases (Fig. 3B,C). Similarly,
L-type VGCCs and NMDARs were required for the ISO-wHFS-
induced phosphorylation of mTOR at its autophosphorylation
site S2481 (Brown et al., 1995; Peterson et al., 2000) (Fig. 3D).
Importantly, neither nifedipine nor D-APV prevented isoproter-
enol from stimulating ERK or Akt (Fig. 3E). Thus, the activation
of Ca®"-permeable channels during ISO-wHFS serves to gate

signaling downstream of Akt, and either upstream of mTOR or at
mTOR itself.

Since L-type VGCCs are required for mTOR stimulation by
ISO-wHES, the induction of L-LTP by this induction protocol
also should depend on these channels. In agreement, L-LTP was
significantly reduced in slices that were incubated with nifedipine
(Fig. 3F).

Phosphorylation of GSK3« mediates the Ca**-dependent
coupling of Akt to mTOR

The mechanism for the conditional coupling of Akt to mTOR
must involve signaling molecules outside of the canonical path-
way, in which Akt activates mTOR by inhibiting the mTOR sup-
pressor TSC2. We tested a series of non-canonical regulators of



17542 - ). Neurosci., November 30, 2011 - 31(48):17537-17546

A 1ISO-wHFS

Con 1SO Con

p-GSK30t - —

w
(&)}
o

*

w
o
o

250
200
150
100

(&)}
o

Immunoreactivity (% of Control)

Veh APV Nifed

— —— —

Actin (EDEED - -

Ma et al. @ Wnt/GSK3 Signaling in LTP-Related mTOR Control

ISO-wHFS

wHFS alone

p-GSK30.

Tubulin

0
Con 1SO wHFS Veh APV  Nif
ISO-wHFS
HFS

B TS D 200,

P-GSK30, wee s ?
— SK3B e - €
2350 pGA,B 8 150t
= * ctin . - -
§ 300} e

X

G 250 | > 100}
b4 Il wHFs z
>.200¢ []1s0-wHFs 3
= b}
.g 150 § 50}
[ &
2 100 =
S 50 E
& Con p70S6K mTOR ACC

p-GSK3a pGSK3B

Figure 4.

Dorsomorphin

Increases in mTOR signaling correlate with the inhibitory phosphorylation of GSK3 cx. 4, ISO-wHFS significantly enhanced the phosphorylation of GSK3 v at $21 (p <<0.05 vs controls),

and this effect was completely blocked by p-APV (50 rum) and nifedipine (10 wum). In contrast, treatment with isoproterenol or weak HFS alone did not affect GSK3cx phosphorylation. n = 6 for all
groups. B, In slices treated with ISO-wHFS, GSK3 phosphorylation was increased in the somaticand apical dendritic regions in area CA1. Theimages are representative of three experiments. Scale bar,
50 m. G, The ability of 1SO-wHFS to induce GSK3 phosphorylation was specific to the v isoform (p <<0.05 vs weak HFS only control), with no effect on GSK3 3. Both group n values =5. Asterisk
indicates significant difference from weak HFS-only control (p <<0.05). D, Treatment of slices with the AMPK inhibitor dorsomorphin (Dm) increased the phosphorylation levels of p7056K (at T389)
and mTOR (at $2481), while decreasing phosphorylation of the AMPK substrate acetyl-CoA carboxylase (ACC) at S79. Group n values =9.

mTOR signaling, several of which proved to be unaffected by
ISO-wHES and thus not potential participants in the coupling
process. These mechanisms included phosphorylation of Akt at
S473, which increases catalytic activity above that produced by
T308 phosphorylation alone (Manning and Cantley, 2007), and
Akt-mediated phosphorylation of the mTOR suppressors
PRAS40 (proline-rich Akt/PKB substrate 40 kDa) and AMPK
(AMP-activated protein kinase) at their inhibitory sites T246 and
T172, respectively (Hahn-Windgassen et al., 2005; Sancak et al.,
2007; Vander Haar et al., 2007; Wang et al., 2007) (data not
shown).

mTOR also can be regulated by glycogen synthetase 3 (GSK3),
an enzyme that is active in its basal state and inhibits mTOR by
stimulating TSC2 (Inoki et al., 2006). In vitro, GSK3 is inhibited
by protein kinases that are relevant to synaptic plasticity in the
hippocampus, including Akt, p70S6K, and RSK (Srivastava and
Pandey, 1998). We found that ISO-wHES significantly increased
the phosphorylation of the a-isoform of GSK3 at its Akt-
dependent site, S21 while isoproterenol or weak HFS applied
individually had no effect (Fig. 4A). The effect of ISO-wHES on
GSK3a phosphorylation was fully blocked by nifedipine and by
D-APV, indicating that the inhibition of GSK3 by Akt depends on

Ca** conductances that mediate L-LTP induction by this proto-
col (Fig. 4A). Furthermore, ISO-wHES increased GSK3a phos-
phorylation throughout the somatic and apical dendritic regions
in area CA1 (Fig. 4C). Surprisingly, ISO-wHEFS did not increase
phosphorylation of the more commonly studied B-isoform of
GSK3 at S9 (the corresponding Akt-dependent site) (Fig. 4 B). In
non-neuronal cells, mTOR activation is dependent on AMPK,
which is required to prime TSC2 for subsequent phosphorylation
by GSK3 (Inoki et al., 2006), and in agreement with this mecha-
nism, we found that the pharmacological inhibition of AMPK
stimulated mTOR signaling (Fig. 4D). Note that basal AMPK
activity apparently sufficed to prime TSC2 under our conditions,
since ISO-wHEFS did not affect the phosphorylation state of
AMPK at its regulatory site T172, as described above.

If the ISO-wHEFS-induced inhibition of GSK3 is responsible
for coupling Akt to mTOR in the hippocampus, then the high
basal activity of GSK3 might act as a brake on mTOR signaling
under resting conditions; if so, it should be possible to stimulate
mTOR by pharmacologically inhibiting GSK3. This prediction
was confirmed by using two structurally unrelated GSK3 inhibi-
tors, LiCl and kenpaullone, which increased p70S6K phosphory-
lation and eEF1A expression in otherwise unstimulated slices
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activation of the Wnt pathway (Chen et al.,
2006) might give Akt access to GSK3. We
tested this hypothesis by inhibiting Wnt sig-
naling with the scavenger Frizzled-8-Fc. In
the presence of the scavenger, ISO-wHFS
failed to induce phosphorylation of GSK3,
and mTOR activity was not increased above
baseline, as indicated by p70S6K phosphor-

O LiCl
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© wHFS alone
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R
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60 90 120 150  vylation (Fig. 6 B). Moreover, pretreatment
of slices with Frizzled-8-Fc blocked the in-
duction of L-LTP by ISO-wHES (Fig. 6C).
Since the only known effect of Wnt signaling
on GSK3 involves the regulation of the de-
struction complex, it is likely that the condi-
tional ability of Akt to phosphorylate GSK3
depends on the activation of Wnt signaling.

The ability of Frizzled-8-Fc to eliminate the
increase in GSK3 phosphorylation shows
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Figure5. Inhibition of GSK3 upregulates mTOR signaling and enables weak HFS to induce persistent LTP. A, The GSK3 inhibitors

LiCl (10 mm; A7) or kenpaullone (1 m; A2) increased the levels of p70S6K phosphorylation (at T389) and eEF1A expression. These
effects were prevented by pretreatment with rapamycin (1 wm). Al n values =5. B, In the presence of LiCl (10 mm; BT) or
kenpaullone (1 wm; B2), weak HFS induced L-LTP that was sensitive to 1 um rapamycin. All group n values =4.

(Fig. 5A). These effects were mediated by mTOR, since they were
abolished by treatment with rapamycin (Fig. 5A).

We next asked whether direct inhibition of GSK3 could sub-
stitute for B-adrenergic stimulation and enable weak HFS to in-
duce L-LTP, as expected if the suppression of mTOR by basal
GSK3 activity is critical for regulating the progression from
E-LTP to L-LTP. When weak HFS was delivered in the presence
of LiCl or kenpaullone, it produced rapamycin-sensitive L-LTP
(Fig. 5B). Together, our findings indicate that Ca**-dependent
inhibition of GSK3 plays a key role in activating the mTOR path-
way in the hippocampus, thereby facilitating the induction of
L-LTP by synaptic stimulation.

Wnt signaling is required for the Akt-mediated
phosphorylation of GSK3«
How does the activation of L-type VGCCs and NMDARs lead to
the phosphorylation and inhibition of GSK3? We have shown
that isoproterenol alone stimulates Akt without a concomitant
increase in GSK3 phosphorylation, while ISO-wHES produces
the same degree of Akt stimulation but additionally increases
phospho-GSK3 levels (Figs. 2B, 4A). A selective inhibitor of Akt
prevented the ISO-wHFS-induced phosphorylation of GSK3
(Fig. 6A), so it is unlikely that some other protein kinase is re-
sponsible for the regulation of GSK3 by this stimulation protocol.
In addition, the phosphorylation of GSK3 required L-type
VGCCs and NMDARs, which were not involved in the activation
of Akt (Fig. 4A). Together, these observations suggest that Akt
has reduced access to its phosphorylation site on GSK3 under
resting conditions, while Ca®" entry associated with ISO-wHFS
makes GSK3 susceptible to phosphorylation by Akt.
Interestingly, GSK3 is a component of the “destruction com-
plex,” which is best known as a regulator of 3-catenin levels and is
disrupted by activation of the canonical Wnt pathway (Logan and
Nusse, 2004). Previous work indicates that this pool of GSK3 regu-
lates mTOR, by maintaining high activity of the mTOR suppressor
TSC2 (which also is a component of the destruction complex) (Inoki
et al., 2006). If GSK3 in the destruction complex is protected from
Akt, then stimulation-evoked exocytosis of Wnt and consequent

that Akt had access only to the pool of GSK3
that is under control of Wnt. As expected
from our observation that Akt mediates the
inhibitory phosphorylation of GSK3, ISO-
wHES failed to induce L-LTP when Akt was
inhibited (Fig. 6C).

Since the Wnt-mediated loss of GSK3
interaction with -catenin leads to the upregulation of Tcf/Lef-
promoted genes (MacDonald et al., 2009), it is possible that
newly transcribed genes play a role in the ability of kenpaullone to
facilitate L-LTP induction by weak HES. However, pretreatment
of slices with the transcription inhibitor actinomycin-D did not
reduce the effectiveness of kenpaullone (Fig. 6 D). Therefore, al-
though kenpaullone may have produced B-catenin-mediated
changes in gene expression, these did not contribute to the induc-
tion of L-LTP or its expression for the duration of our recordings.

Our results suggest that GSK3 serves to integrate ERK, Akt,
and Wnt signals in the induction of L-LTP. If GSK3 plays this
role, then the pharmacological inhibition of GSK3 should render
L-LTP insensitive to inhibitors of ERK, Akt, and Wnt. To test this
prediction, we challenged the ability of weak HFS to induce
L-LTP in the presence of kenpaullone (as in Fig. 5B2) with
U0126, Akt-I, and Frizzled-8-Fc. Under all of these conditions,
L-LTP induction was intact (Fig. 6 E), indicating that GSK3 is a
downstream effector for the ERK, Akt, and Wnt pathways, and
the convergent effects of these inputs on GSK3 allows signal
propagation downstream from Akt to mTOR.

Discussion

The conditional coupling of Akt to mTOR is a novel regulated
event in the induction of L-LTP

A defining feature of the strong synaptic protocols that induce
late forms of plasticity is the ability to upregulate protein syn-
thesis, although the signaling network that links synaptic ac-
tivity to translational effectors is poorly understood. To gain
insights into this network, we focused on signaling pathways
upstream of the translational effector mTOR. An unexpected
outcome of these studies was the conditional coupling of Akt to
downstream components of the mTOR pathway: while the acti-
vation of B-adrenergic receptors alone was effective in stimulat-
ing Akt, this signal propagated downstream to mTOR only in
neurons that received concurrent synaptic stimulation. The reg-
ulated coupling of Akt to mTOR represents a novel translation
control mechanism associated with the induction of L-LTP, and
implies the existence of a gating mechanism that integrates con-
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phosphorylation of GSK3cx (at S21) and p7056K (at T389) following I1SO-wHFS. Group n values =4. B, 1SO-wHFS failed to induce phosphorylation of GSK3ccand p70S6K in slices treated with the Wnt
scavenger Frizzled-8-Fc (Frz-F¢; 5 pg/ml). All n values =4. G, In slices treated with the Akt inhibitor Akt-1, or with the Wnt antagonist Frizzled-8-Fc, 1S0-wHFS failed to induce L-LTP. All group n
values =5. D, Inhibition of gene transcription with actinomycin-D (Act-D; 40 wum) did not interfere with the induction of L-LTP by weak HFS delivered in the presence of the GSK3 inhibitor
kenpaullone (Ken). Group nvalues =5. , L-LTP induced by wHFS in the presence of kenpaullone was insensitive to inhibitors of ERK (U0126, 20 pum) and Akt (Akt-1, 5 pum), and to the Wnt antagonist
Frizzled-8-Fc (5 wg/ml). All n values =5. F, In amodel for mTOR activation that is based on the results of this study, isoproterenol alone (left panel) stimulates ERK and consequently Akt. However,
GSK3 is inaccessible to Akt, and mTOR activity remains in its low resting state. Isoproterenol-induced ERK activity also inhibits Kv4.2 channels through ERK (right panel), increasing dendritic
excitability and allowing concurrently delivered weak HFS to recruit dendritic NMDARs and L-type VGCCs. The activation of these Ca>* channels and signaling through the canonical Wnt pathway
serve to relieve the barrier between Akt and GSK3. The consequent inhibitory phosphorylation of GSK3, together with disrupted signaling of GSK3 within the destruction complex (see Discussion),
reduces the suppression of mTOR, thereby increasing the translational capacity of the dendrite and enabling the induction of L-LTP. Components shown in blue text are in high-activity states, and
those in red text are in low-activity states. The lines that connect components in this network do not necessarily represent direct interactions.

current B-adrenergic and glutamatergic signals. Subsequent ex-
periments showed that GSK3 inhibition, under the control of
Whnt, is critical for this gating process.

In agreement with our results, previous work in mouse hip-
pocampus showed that ISO-wHFS induced L-LTP, while neither
isoproterenol nor weak HFS was effective alone (Gelinas et al.,
2007). Interestingly, the signaling mechanism that integrated
B-adrenergic stimulation and weak HFS in that study differed
from the one described here. We found strongly synergistic ef-
fects of concurrent B-adrenergic and synaptic stimulation on
mTOR in the rat hippocampus, while Gelinas et al. (2007)
showed additive effects in the mouse; therefore, the cellular deci-
sion to commit to L-LTP must be made downstream of mTOR in
the mouse hippocampal neurons. Since the experimental proto-
cols used here and in Gelinas et al. (2007) were similar, it is
possible that signal propagation from Akt to mTOR is an unreg-
ulated process in the mouse. However, the induction of LTP in
mouse dentate gyrus depends on exogenous Wnt signaling and
can be enhanced by inhibition of GSK3 (Chen et al., 2006; Ma et
al., 2010), suggesting that these non-canonical elements of the
mTOR regulatory network can play roles in plasticity-related
translation in mouse hippocampus.

Ca’”" entry and Wnts mediate synaptically induced

mTOR signaling

We identified L-type VGCCs and NMDARSs as critical signaling
components for coupling Akt to mTOR. Importantly, the activa-
tion of ERK and Akt by ISO-wHFS was unaffected by nifedipine
and D-APV, so Ca®" must act downstream of Akt, enabling signal

propagation to mTOR. In contrast to L-LTP induction by ISO-
wHES, strong HFS protocols can produce LTP without a contri-
bution from nifedipine-sensitive channels (Teyler et al., 1994),
suggesting that Ca®" influx through NMDARs during intense
synaptic activity is sufficient to couple Akt to mTOR. With more
moderate induction protocols, such as ISO-wHFS, a cooperative
interaction between NMDARs and VGCCs might be essential for
Ca’" influx to reach the threshold level required for L-LTP. In
these cases, neuromodulatory inputs that favor voltage-sensitive
interactions between these Ca®* channels, as exemplified in our
experiments by the B-adrenergic inhibition of Kv4.2 channels,
would be critical for determining whether synaptic activity at
naturally occurring intensities leads to mTOR stimulation and
L-LTP. With the ISO-wHES induction protocol, the role of
L-type VGCCs in mTOR activation could be especially promi-
nent, since the contribution of these channels to Ca** entry dur-
ing dendritic spiking is strongly enhanced by PB-adrenergic
stimulation (Hoogland and Saggau, 2004).

GSK3 is a tonic suppressor of mTOR and is regulated by the
Wnt signaling pathway

To explore the signaling mechanism that couples Akt to down-
stream components of the mTOR pathway, we looked for
known mTOR regulators that are affected by ISO-wHES in a
VGCC- and NMDAR-dependent manner. Among several can-
didates, only GSK3, a negative regulator of mTOR, satisfied
these criteria. Interestingly, active GSK3 interferes with the
induction of LTP (Peineau et al., 2007). Furthermore, GSK3
overexpression disrupts spatial learning, and abnormal regu-
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lation of GSK3 activity has been linked to memory disorders
such as Alzheimer’s disease (Hernandez et al., 2002; Hooper et
al., 2008). Our results suggest that the role of GSK3 in gating
signal flow through the mTOR pathway, and thus limiting the
translational capacity that is required for L-LTP, might help to
explain these earlier observations.

A key concept that emerged from our studies is that mTOR
activity in the hippocampus, and thus translational capacity, is
maintained at a low level by the high basal activity of GSK3, and
that this suppression must be overcome for L-LTP to be induced.
This hypothesis is supported by the ability of GSK3 inhibitors to
strongly activate mTOR in the hippocampus, and to substitute
for isoproterenol in enabling weak HFS to induce L-LTP. Re-
markably, even though GSK3 is a direct substrate of Akt, strong
activation of Akt by isoproterenol alone failed to increase GSK3
phosphorylation, suggesting that Akt and GSK3 are segregated
into different subcellular compartments in the absence of synap-
tic stimulation.

Wnt signaling was required for ISO-wHES to stimulate
mTOR and to induce L-LTP, effects that paralleled the phosphor-
ylation of GSK3 by Akt. It has been proposed that Ca*>* entry
through NMDARs mediates the exocytosis of Wnt proteins
(Wnts) from the dendrites of hippocampal neurons during
strong HES (Chen et al., 2006). Wnts act as autocrine or paracrine
signals at Frizzled-LRP5/6 receptors, disrupting the destruction
complex and reducing the access of GSK3 to its substrates within
the complex (Inoki et al., 2006; MacDonald et al., 2009). Our data
suggest that destruction complex remodeling also renders GSK3
vulnerable to Akt-mediated inhibition, a mechanism that might
be widely conserved mechanism since Wnt signaling is required
for Akt to phosphorylate GSK3 during ischemic preconditioning
in the heart (Vigneron et al., 2011).

If the active Wnt pathway disrupts the destruction complex
and prevents GSK3 from interacting with TSC2, is the additional
inhibition of GSK3 by Akt a redundant effect? Perhaps not, since
phosphorylated GSK3a might slow the recovery of functional
destruction complexes following the termination of the Wnt sig-
nal, either by interfering with their reassembly or by becoming
incorporated as phosphoproteins into newly assembled com-
plexes. In this way, GSK3 inhibition could prolong the increase in
mTOR signaling, allowing the neuron to generate additional
translational capacity. Notably, we observed effects of Wnt se-
questration by Frizzled-8-Fc and GSK3 inhibition that were more
pronounced than those reported in mouse dentate gyrus by Chen
et al. (2006). These differences may be attributed to several fac-
tors, including the synaptic pathways and species where LTP was
investigated, and the stronger LTP induction protocol that was
used by Chen et al. (2006).

The regulation of GSK3 following ISO-wHFS was specific to
the a-isoform, with no effect on the more widely studied
B-isoform. These two isoforms, which share 95% sequence ho-
mology and are virtually identical in their catalytic regions, are
expressed at similar levels in the adult rat hippocampus
(Woodgett, 1990). Moreover, GSK3a and GSK3p are inter-
changeable within the destruction complex, indicating a func-
tional redundancy with respect to Wnt signaling (Asuni et al.,
2006; Doble et al., 2007). In contrast to our findings in adult rat
hippocampus, Peineau et al. (2007) showed GSK3p to be phos-
phorylated in juvenile hippocampus following strong HFS (the
study did not include measurements of GSK3a). We were able to
replicate their result, and found additionally that strong HFS
robustly phosphorylated the a-isoform in juvenile hippocampus,
while the same stimulation failed to phosphorylate the B-isoform
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in adult hippocampus (data not shown). Thus, the synaptically
induced phosphorylation of GSK3 is specific to the a-isoform
only in adult rat hippocampus, suggesting that as the rat reaches
adulthood, GSK3 3 becomes less accessible to Akt.

An integrated model of mTOR stimulation by

synaptic activity

To explain our findings, we propose a model (Fig. 6 F) in which
mTOR activity (and consequently translational capacity) is
maintained in a low state under basal conditions by the high
resting activity of GSK3 within the destruction complex. Weak
HFS by itself produces a modest envelope of depolarization that is
mediated entirely by synaptic potentials (not dendritic spikes),
since active Kv4.2 channels prevent depolarization from reaching
the threshold for opening L-type VGCC or NMDAR channels,
and little Ca** enters during the stimulus train. 3-Adrenergic
stimulation has two important effects: (1) it stimulates Akt (a
consequence of increased ERK signaling), and (2) it inhibits
Kv4.2 channels, making it possible for weak HES to recruit L-type
VGCCs and NMDARs and increasing dendritic Ca®" influx. We
hypothesize that the increase in intracellular Ca*>* enhances ac-
tivity in the canonical Wnt pathway, perhaps by inducing the
exocytosis of Wnts, which modify destruction complexes within
the Wnt-releasing neurons and possibly their neighbors. As a
consequence of the changes in the destruction complex, GSK3
becomes accessible to inhibition by Akt, and has reduced ability
to inhibit mTOR. The resulting activation of mTOR leads to
elevated dendritic translational capacity, facilitating the synthesis
of the plasticity-related proteins that are essential for L-LTP.
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