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Abstract
Glutamatergic synapses in early postnatal development transiently express calcium-permeable
AMPA receptors (CP-AMPARs). Although these GluA2-lacking receptors are essential and are
elevated in response to brain-derived neurotrophic factor (BDNF), little is known regarding
molecular mechanisms that govern their expression and synaptic insertion. Here we show that
BDNF-induced GluA1 translation in rat primary hippocampal neurons requires the activation of
mTOR via calcium calmodulin-dependent protein kinase kinase (CaMKK). Specifically, BDNF-
mediated phosphorylation of T308 in AKT, a known substrate of CaMKK and an upstream
activator of mTOR-dependent translation, was prevented by 1) pharmacological inhibition of
CaMKK with STO-609, 2) overexpression of a dominant-negative CaMKK, or 3) short hairpin-
mediated knockdown of CaMKK. GluA1 surface expression induced by BDNF, as assessed by
immunocytochemistry using an extracellular N-terminal GluA1 antibody or by surface
biotinylation, was impaired following knockdown of CaMKK or treatment with STO-609.
Activation of CaMKK by BDNF requires TRPC channels as SKF-96365, but not the NMDA
receptor antagonist D-APV, prevented BDNF-induced GluA1 surface expression as well as
phosphorylation of CaMKI, AKTT308 and mTOR. Using siRNA we confirmed the involvement of
TRPC5 and -6 subunits in BDNF-induced AKTT308 phosphorylation. The BDNF-induced increase
in mEPSC was blocked by IEM-1460, a selected antagonist of CP-AMPARs, as well as by the
specific repression of acute GluA1 translation via siRNA to GluA1 but not GluA2. Taken together
these data support the conclusion that newly synthesized GluA1 subunits, induced by BDNF, are
readily incorporated into synapses where they enhance the expression of CP-AMPARs and
synaptic strength.
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Introduction
During early postnatal development excitatory glutamatergic synapses have been shown to
transiently express calcium-permeable AMPA receptors (CP-AMPARs) prior to expression
of NMDA receptors (Kumar et al., 2002; Eybalin et al., 2004; Ho et al., 2007). These CP-
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AMPARs lack the critical GluA2 subunit that renders AMPARs calcium impermeable
(Hollmann et al., 1991; Sommer et al., 1991; Verdoorn et al., 1991; Seeburg et al., 1998).
The transient nature of CP-AMPAR expression is thought to play an important role in Ca2+

entry during synapse maturation. These receptors are also thought to mediate plasticity
within developing networks (Rozov and Burnashev, 1999; Liu and Cull-Candy, 2000; Zhu
et al., 2000; Aizenman et al., 2002; Ho et al., 2007).

Interestingly, although mature CA1 hippocampal synapses predominantly lack CP-
AMPARs, some paradigms that induce NMDAR-dependent LTP result in their transient
synaptic incorporation (Plant et al., 2006; Lu et al., 2007; Guire et al., 2008; Fortin et al.,
2010). The trafficking of these CP-AMPARs is dependent upon calcium/calmodulin-
dependent protein kinase kinase (CaMKK) and its downstream effector CaMKI (Guire et al.,
2008; Fortin et al., 2010). CaMKK has also been postulated as a “master” regulator of
homeostatic plasticity (Goold and Nicoll, 2011). In fact, CaMKK activity is linked to many
Ca2+-dependent neuronal processes including gene transcription, neuronal development, as
well as synaptic plasticity (Wayman et al., 2008).

Brain-derived neurotrophic factor (BDNF) is synthesized and released at glutamatergic
nerve terminals where it plays an important role in neuronal development by regulating
protein synthesis (Kang and Schuman, 1996; Alsina et al., 2001; Bramham and Messaoudi,
2005). BDNF has been shown to increase the translation of hundreds of proteins isolated
from synaptoneurosomes (Liao et al., 2007). BDNF binding to TrkB receptors induces
activation of PI3K, which in turn activates AKT and the subsequent phosphorylation and
activation of mammalian target of rapamycin complex 1 (mTORC1) (Hoeffer and Klann,
2010) to promote cap-dependent translation (Hay and Sonenberg, 2004).

Although BDNF upregulates the total cellular levels of AMPAR subunits GluA1-A4
(Narisawa-Saito et al., 1999; Schratt et al., 2004; Caldeira et al., 2007; Slipczuk et al., 2009)
only GluA1 traffics to the membrane (Caldeira et al., 2007; Nakata and Nakamura, 2007).
However, little is known regarding the molecular mechanisms governing GluA1 synthesis
and subsequent membrane insertion. The membrane incorporation of GluA1 following
BDNF appears to be associated with Ca2+ flux induced by the activation of transient
receptor potential canonical (TRPC) channels (Nakata and Nakamura, 2007). Our lab has
previously demonstrated that Ca2+ flux through TRPC5 channels can activate CaMKK
(Davare et al., 2009), and thus CaMKK may play a role in mediating these effects of BDNF.
In the present study we demonstrate that CaMKK contributes to the translation and surface
expression of newly synthesized GluA1, induced by BDNF. We show that CaMKK controls
mTOR activation following BDNF via phosphorylation of AKT at T308 which was
mediated by TRPC5, and -6 containing TRPC channels. Furthermore, we provide direct
evidence demonstrating that BDNF results in enhanced synaptic strength via the synaptic
delivery of newly translated GluA1 subunits as CP-AMPARs.

Methods
Pharmacological reagents

D-(−)-2-Amino-5-phosphonopentanoic acid (D-APV), 1,8-Naphthoylene benzimidazole-3-
carboxylic acid (STO-609), N,N,N,-Trimethyl-5-[(tricyclo[3.3.1.13,7]dec-1-
ylmethyl)amino]-1-pentanaminiumbromide hydrobromide (IEM-1460), strychnidin-10-one
hydrochloride (Strychnine), (2R,3S,4S)-2-[(4-Methoxyphenyl)methyl]-3,4-pyrrolidinediol
3-acetate (Anisomycin), 6-Imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid
hydrobromide (Gabazine), and octahydro-12-(hydroxymethyl)-2-imino-5,9:7,10a-dimethan-
o-10aH-[1,3]dioxocino[6,5-d]pyrimidine-4,7,10,11,12-pentol (TTX) were purchased from
Tocris Bioscience. 1-[β-[3-(4-Methoxyphenyl)propoxy]-4-methoxyphenethyl]-1H-
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imidazole, HCl (SKF-96365) was purchased from Calbiochem. Rapamycin was purchased
from LC Laboratories. Puromycin was purchased from Sigma-Aldrich. BDNF was
purchased from Peprotech.

shRNA, siRNA, and plasmids
The construction, validation, and specificity of the plasmid-based shRNA constructs for
knockdown of CaMKK have been described previously (Wayman et al., 2006; Saneyoshi et
al., 2008). Specific knockdown of TRPC3, TRPC5 and TRPC6 subunits was performed
using previously described siRNA sequences targeting TRPC3 (40 nM) (Amaral and Pozzo-
Miller, 2007a), TRPC5 (20 nM) and TRPC6 (40 nM) (Davare et al., 2009). For selective
knockdown of GluA1 and GluA2 subunits we used Stealth RNA interference (RNAi)
(Invitrogen). siGluA1 and siGluA2 were custom synthesized targeting nucleotide starting
position 608 in rat GluA1 (accession number NM_031608) and 1054 in rat GluA2
(accession number NM_017261). Targeting sequence for siGluA1: (sense)
CGACCAUUACAAGUGGCAAACCUUU; targeting sequence for siGluA2: (sense)
UACUUUAUCCCUUUCACAGUCCAGG. siRNAs were kept in 40 μM stock at −20°C
before use. siRNAs were validated for knockdown potency and specificity by cotransfection
of wtGluA1 or wtGluA2 with 0.4 and 4 nM of siRNAs for GluA1 or GluA2 in HEK cells.
Dominant-negative CaMKK (dnCaMKK) and mRFP-βactin constructs have been described
previously (Wayman et al., 2004; Wayman et al., 2006; Saneyoshi et al., 2008). HA-tagged
AKT was described previously (Yano et al., 1998).

Cell culture and neuronal transfection
Hippocampal neurons were isolated from embryonic day 21 male and female Sprague-
Dawley rats as described previously (Wayman et al., 2006). After harvesting, neurons were
plated on poly-l-lysine (Sigma; molecular weight 300,000) coated 12 mm glass coverslips at
a density of 4.0 × 104 cells per square centimeter or coated plastic 35 mm wells at 4.5 × 105

cells per square centimeter. Neurons were maintained in Neurobasal media (Invitrogen)
supplemented with B27 (Invitrogen) and 0.5 mM L-glutamine with 5 μM cytosine-D-
arabinofuranoside (AraC) added at 2 DIV. Neurons were cultured for 5 – 9 days before
being transfected using LipofectAMINE 2000 (Invitrogen) and/or treated with indicated
pharmacological reagents. DNA, transfection reagent, and transfection duration were
optimized to minimize toxicity and maximize transfection efficiency (3 – 5% of neurons
between 4 and 6 DIV).

HEK293 cells were obtained from ATCC and cultured in Dulbecco's modified Eagle's
medium (DMEM), 10% fetal bovine serum, penicillin/streptomycin and L-glutamine at
37°C in 5% CO2, 95% air. HEK293 cells were transfected with plasmids indicated in figure
legends with Lipofectamine 2000 according to manufacturer's protocols.

Immunocytochemistry
Hippocampal neurons were fixed in 4% paraformaldehyde, 4% sucrose in PBS, and 50 mM
HEPES pH 7.5 at 37 °C for 15 min. Neurons were rinsed 3 times for 10 min in PBS and
blocked for 1 h in blocking buffer (PBS containing 3% BSA) at room temperature (22°C).
Neurons were then stained for surface-expressed GluA1 using a rabbit anti-GluA1 N-
terminal antibody (Calbiochem, 1:100), which recognizes amino acids 271–285 of rat
GluA1, in blocking buffer overnight at room temperature and washed 3 times for 10 min in
blocking buffer. Surface GluA1 was subsequently detected by incubating coverslips in
blocking buffer containing anti-rabbit Alexa Fluor-488 (Molecular Probes, 1:2000) for 40
min at room temperature. Hoechst dye (Molecular probes) was also added to the secondary
buffer to allow assessment of cell viability. Coverslips were then washed quickly in PBS and
mounted onto slides using Elvanol mounting medium.
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GluA1 surface biotinylation
Biotinylation experiments were performed as previously described (Oh et al., 2006). Briefly,
following treatments neuronal cell cultures were washed with ice cold ACSF (pH adjusted to
8.2) to fully protonate amine groups prior to biotinylation. After removing the wash buffer
cells were incubated with ice cold ACSF (pH 8.2) containing 0.8 mg/ml EZ-Link® Sulfo-
NHS-LC-biotin (Thermo Scientific) for 30 min on a shaker at 4°C. Cells were then
quenched with ACSF containing 50 mM Tris-HCl for 10 min on a shaker at 4°C. Cells were
then flash frozen using liquid nitrogen and stored at −20°C prior to being subjected to a
GluA1 pulldown the following day.

For GluA1 pulldowns cells were thawed on ice and lysed in ice cold RIPA lysis buffer.
Lysates were then centrifuged for 10 min at 14K at 4°C to pellet insoluble material. GluA1
antibody (2 μg, Millipore) was added to the supernatant. Lysates containing GluA1 antibody
and Protein A/G Sepharose beads (Invitrogen) were rotated at 4°C overnight and then the
beads were washed 2 times with ice cold lysis buffer. The bound biotinylated proteins were
then immunoprecipitated with streptavidin to isolate the biotinylated surface fraction of
GluA1 and extracted with 2× SDS sample buffer prior to being subjected to a western blot
(see below). Biotinylated GluA1 and total GluA1 (cell lysate) were detected with
Streptavidin-IR-800 and anti-GluA1 antibody (1:100, Millipore). Blots were then quantified
using software supplied with the Odyssey Infrared System (LI-COR Biosciences).

HA-AKT pulldowns
Hippocampal neurons were rapidly harvested with ice-cold lysis buffer containing 1%
Triton-X-100, and (in mM) 50 HEPES pH 7.4, 150 NaCl, and 25 MgCl2 that was
supplemented just prior to use with complete protease inhibitor cocktail (EDTA free, Roche)
and complete phosphatase inhibitor cocktail (Calbiochem). The homogenates were
centrifuged at 15,000 × g for 10 min and supernatant was collected. Lysates were then
incubated with HA-antibodies overnight and then further incubated with Protein A/G
Sepharose beads (Invitrogen) for a further 2 hours at 4°C on a rotating shaker. Proteins
bound to the beads were further washed 3 times in lysis buffer before being subjected to
western blot.

Antibodies and western blotting
Polyclonal rabbit GluA1 (AB1504) was purchased from Millipore. Polyclonal rabbit
phospho-mTORS2448, phospho-AKTT308, phospho-AKTS473, mouse monoclonal phospho-
Erk1Thr202/ERK2Tyr204, and rabbit monoclonal phospho-YB1S102 antibodies were
purchased from Cell Signaling Technologies. Mouse monoclonal transferrin receptor
antibody was purchased from Invitrogen. Antibody to phospho-CaMKIT177 was kindly
provided by Dr. Naohito Nozaki (nnozaki@monoclo.jp). Monoclonal antibody directed
against HA (clone 12CA5) and E7 tubulin were purchased from Developmental Studies
Hybridoma Bank (University of Iowa-Iowa City). 9E10 antibody used to detect Myc protein
was purified from hybridoma supernatant. Puromycin antibody was generously provided by
Dr. Phillippe Pierre (Université de la Méditerranée).

Western blotting was performed as previously described (Davare et al., 2004). Briefly,
equivalent amounts of protein were loaded on SDS PAGE and transferred to PVDF
membranes (Millipore). Western blotting was performed with the indicated antibodies at the
following dilutions: anti-pmTOR 1:1000, anti-pAKTT308 1:1000, anti-pAKTS473 1:1000,
anti-pErk 42/44 1:1000, anti-pCaMKI 1:100, anti-HA 1:3000 and anti-GluA1 1:100, anti-
GluA2 1:1000, anti-pYB1 1:1000, β-tubulin 1:5000, and anti-puromycin 1:1000. Western
blot detection was performed using IR-700 and IR-800 conjugated secondary antibodies to
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the appropriate antibody species and the band pixel density quantification was performed
using the Odyssey Infrared System (LI-COR Biosciences).

Electrophysiology
Whole-cell voltage clamp recordings were performed on cultured hippocampal neurons as
described above using an Axopatch-200b amplifier (Molecular Devices, Sunnyvale, CA).
Cells were continuously perfused (1 ml·min−1) with normal ACSF (nACSF) that contained
(in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 5 Hepes and 33 glucose; pH was adjusted
to 7.3 using NaOH. Osmolarity was adjusted to 290 mosmol·l−1. To isolate miniature
excitatory postsynaptic currents (mEPSCs), gabazine (10 μM), strychnine (3 μM), and
tetrodotoxin (0.5 μM) were added to the external buffer to block GABAA receptor, glycine
receptor, and Na channel activity, respectively. Patch electrodes were pulled from thin-
walled borosilicate glass capillaries (tip resistance ranged from 4–6 MΩ) and filled with
internal buffer solution that contained (in mM): 100 cesium methanesulfonate, 25 CsCl, 2
MgCl2, 4 Mg2+-ATP, 0.4 Na-GTP, 10 phosphocreatine, 0.4 EGTA, and 10 Hepes (pH 7.4;
284 mosmol·l−1). In some experiments the internal buffer also included 2 nM siGluA1 or
siGluA2. All experiments were carried out at room temperature (22°C). Whole-cell
recordings were only established after a high-resistance seal (> 2 GΩ) was achieved. Only
cells that had an input resistance of > 150 MΩ and resting membrane potentials < −50 mV
were considered for experiments. Resting membrane potentials were measured immediately
upon breaking into whole-cell mode by setting the current to 0 pA. Cells were then voltage
clamped at a holding potential of −70 mV unless otherwise noted. Access resistance (Ra)
was monitored at the beginning and ends of each experiment with small voltage pulses and
typically ranged between 10 and 15 MΩ and was not compensated. Cells were rejected from
analysis if Ra increased by more than 15% during the course of the experiment or if the
input resistance fell below 150 MΩ.

Results
CaMKK is required for BDNF-induced synthesis and membrane trafficking of GluA1

While it is known that BDNF increases intracellular Ca2+ concentrations and increases
synaptic strength, the cellular mechanisms linking these two events remains unclear. We
have previously implicated CaMKK in NMDA-dependent synaptic delivery of GluA1
containing CP-AMPARs. Based on these observations we wanted to determine whether
CaMKK might also play a role in BDNF-mediated regulation of GluA1. We initially
investigated whether CaMKK might play a role in BDNF-mediated increases in GluA1
protein by treating primary hippocampal neurons (7–9 DIV) with 50 ng/ml of BDNF for
increasing lengths of time (0 – 60 min) and examining cell lysates for total GluA1 and
phosphorylated (active) CaMKI. Phosphorylation of CaMKI by CaMKK is required for its
catalytic activity (Tokumitsu et al., 1995). BDNF induced a time-dependent increase in total
GluA1 levels (Figure 1A, B) consistent with previous reports (Schratt et al., 2004; Caldeira
et al., 2007; Slipczuk et al., 2009). We also found that CaMKI phosphorylation was rapidly
increased by BDNF (Figure 1A, D), suggesting that hippocampal neurons activate CaMKK
in response to BDNF. Importantly, the phosphorylation of CaMKI was found to precede the
increase in total GluA1 protein, consistent with a possible role of CaMKK in mediating
GluA1 synthesis. To initially assess whether CaMKK contributed to the BDNF-induced
increases in total GluA1 protein, we treated hippocampal neurons with BDNF for 15 min in
the absence or presence of STO-609, a selective pharmacological inhibitor of CaMKK
(Tokumitsu et al., 2002). Pre-treatment of hippocampal neurons with STO-609 (4 hrs) fully
prevented the increase in GluA1 protein levels by BDNF (Figure 1E). As a positive control
for BDNF we probed the same cell lysates for phosphorylation of the mitogen activated
protein kinases p44/ERK1 and p42/ERK2. It is well established that BDNF activates the
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MAPK pathway (Kaplan and Miller, 2000). Consistent with previous reports, BDNF rapidly
increased phosphorylation of p44/p42 (Figure 1A, C) which was sensitive to the general
tyrosine kinase inhibitor, k252a (200 nM; BDNF = 174.1 ± 8.2%, k252a = 108 ± 12.9% as
compared to controls respectively).

Given that BDNF is a potent modulator of mTOR-mediated cap-dependent translation
(Takei et al., 2001) we also treated hippocampal neurons with 1 μM rapamycin to inhibit
mTOR complex formation and thus mTOR activity. Consistent with previous studies, we
found that pre-treatment with rapamycin (30 min) inhibited the increase in total GluA1
protein by BDNF (Figure 1E). These results are consistent with the hypothesis that BDNF
increases the activity of CaMKK and most likely increases GluA1 protein levels by
engaging the mTOR-dependent translational machinery.

In addition to increasing total GluA1 subunits, BDNF also specifically increases the number
of GluA1 subunits on the plasma membrane (Caldeira et al., 2007). To directly assess
surface expression of GluA1, surface membrane proteins in hippocampal neurons were
biotinylated following BDNF treatment in the absence or presence of STO-609 or
rapamycin. BDNF led to a 2-fold increase in the amount of biotinylated GluA1 compared to
control (Figure 2A). More importantly, the increase in surface GluA1 was fully prevented by
STO-609 as well as rapamycin. These data demonstrate that the increased surface expression
of GluA1 mediated by BDNF requires the activation of CaMKK as well as mTOR-
dependent translation. Furthermore, it suggests that translational events are required for the
increase in GluA1 surface expression.

To confirm the role of CaMKK in surface GluA1 mobilization as determined by
biotinylation, we transfected hippocampal neurons with mRFP (to visualize dendrites) and
knocked down the expression of endogenous CaMKKα and β isoforms via short hairpins
(shCaMKK) driven by the pmU6 promoter (Wayman et al., 2006; Saneyoshi et al., 2008).
After 48 hrs of knockdown, neurons were treated with and without BDNF for 60 min and
fixed for immunofluorescence examination. Surface GluA1 subunits were detected under
nonpermeabilizing conditions using an epitope antibody directed toward the N-terminus of
GluA1 conjugated to Alexa 488. We found that BDNF led to a significant increase in the
number of GluA1 positive puncta at the plasma membrane in agreement with Caldeira et al.
2007. More importantly, the increase in surface GluA1 was absent in neurons expressing
shCaMKK (Figure 2B).

BDNF-induced protein synthesis is mediated by CaMKK phosphorylation of Thr 308 in
ATK

To further investigate the role of CaMKK in BDNF-induced synthesis of GluA1, we tested
whether CaMKK signaling was operating upstream or downstream of the mTOR complex.
We have previously determined that CaMKK can directly phosphorylate AKT at one of its
activation sites, T308 but not S473 (Yano et al., 1998). Phosphorylation of AKT at both sites
is important for its activation and subsequent activation of mTOR (Hoeffer and Klann,
2010). Direct activation of mTOR by AKT was assessed using a phospho-specific antibody
directed toward S2448 (Memmott and Dennis, 2009), a phospho-site that correlates with
increased mTORC1 activity and up-regulated protein synthesis (Rosner et al., 2010). Figure
3 illustrates that mTOR is phosphorylated within 15 min of BDNF stimulation, and this
S2448 phosphorylation is blocked by treatment with STO-609. In addition, mTOR
activation by BDNF was completely suppressed by rapamycin, which inhibits FKBP12
association with mTOR thus preventing mTORC1 formation (Huang et al., 2003).
Therefore, it is very likely that CaMKK lies upstream of the mTORC1 complex.
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Although CaMKK can phosphorylate AKT at T308 but not S473 when expressed in COS-7
cells (Yano et al., 1998) we wanted to confirm that AKT was a substrate of CaMKK in
neurons following BDNF stimulation. Using a phospho-specific antibody directed toward
AKTT308 we probed neuronal cell lysates from primary hippocampal cultures that had been
stimulated for 5 min with BDNF in the absence or presence of STO-609. BDNF
significantly increased phosphorylation of endogenous AKT at T308 and this
phosphorylation was sensitive to blockade by STO-609 (Figure 4A). Phosphorylation at
AKTT308 is important for its kinase activity (Leslie et al., 2001), so we tested whether
inhibition of endogenous AKTT308 phosphorylation by STO-609 would alter the kinase
activity of AKT in the presence of BDNF. The kinase activity of AKT was monitored using
a phospho-specific antibody directed toward S102 of the Y-box binding protein YB1, a
direct substrate of AKT (Evdokimova et al., 2006). Consistent with STO-609 inhibition of
AKTT308 phosphorylation, STO-609 also suppressed phosphorylation of YB1S102 (Figure
4A). Thus, CaMKK phosphorylation of AKTT308 appears to be a required step for its kinase
activity and/or substrate specificity in neurons.

To further validate that AKTT308 was a CaMKK substrate in neurons, we co-expressed HA-
AKT with and without shRNA against the two isoforms (α and β) of CaMKK. After 48
hours, neurons were stimulated with BDNF for 5 min and then subjected to
immunoprecipitaton to isolate HA-AKT. Cell lysates were prepared, immunoblotted, and
probed using phospho-specific antibodies directed toward AKTT308 and AKTS473. We
found that while knockdown of CaMKK failed to alter AKTS473 phosphorylation (Figure
4B), disruption of CaMKK signaling completely blocked the ability of BDNF to
phosphorylate AKTT308 (Figure 4C). Overexpressionb of a dominant negative form of
CaMKK (dnCaMKK) in the presence of BDNF elicited similar results (BNDF = 3.6 ± 0.2
compared to expression of dnCaMKK = 0.9 ± 0.2 fold over controls, respectively). These
data support the conclusion that BDNF may in part regulate mTOR-dependent signaling via
CaMKK phosphorylation of AKTT308. Phosphorylation of S473 in AKT (Figure 4B) is
presumably catalyzed by PI3-kinase that is activated by BDNF (Hoeffer and Klann, 2010).

TRPC channels, but not NMDA receptors, contribute to BDNF-mediated mTOR activation
and membrane trafficking of GluA1

The enzymatic activity of CaMKK requires elevations in intracellular calcium. In
hippocampal pyramidal neurons BDNF is known to modulate the activities of NMDA
receptors (Levine et al., 1998) as well as TRPC channels (Amaral and Pozzo-Miller, 2007b;
Nakata and Nakamura, 2007), two well established calcium sources. To determine the
calcium source required for the activation of CaMKK by BDNF, we pretreated cultures for 1
hr. with APV (25 μM) or SKF-96265 (30 μM) to block NMDA receptors and TRPC
channels, respectively. Cultures were then subsequently stimulated with BDNF for 5 min in
the presence of drug, lysed, and subjected to western blot analysis. BDNF-induced
activation of CaMKK (i.e., p-CaMKI) as well as phosphorylation of AKT (T308) and
mTOR were sensitive to blockade by SKF-96265 but not APV (Figure 5A – D). These data
indicate that TRPC channels are likely the main source of intracellular calcium induced by
BDNF during this stage of development. This is consistent with the downstream calcium
events associated with TrkB-PLCγ signaling via IP3 and TRPC that also contribute to
BDNF-mediated AMPA receptor trafficking (Nakata and Nakamura, 2007).

To directly assess whether TRPC channels contribute to the surface delivery of GluA1, we
performed surface biotinylation experiments in which neuronal cultures were treated with
BDNF in the absence or presence of SKF-96265. While BDNF (60 min at 37°C) induced a
significant increase in the amount of biotinylated GluA1, this increase was obviated in
neurons treated with SKF-96265 (Figure 5E, F). APV, which had no effect on AKT and
mTOR activity, also failed to block the increase in surface GluA1 induced by BDNF. Taken
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together, these data demonstrate that TRPC channels likely play a major role in initiating
mTOR-dependent translation and subsequent trafficking of GluA1 subunits to the plasma
membrane mediated via CaMKK/AKT/mTOR signaling.

To confirm the involvement of TRPC channels and identify which subunits are involved, we
selectively knocked down TRPC subunits using siRNA. While previous studies have shown
that TRPC3 and TRPC6 are required for BDNF-mediated spine formation (Amaral and
Pozzo-Miller, 2007a; Zhou et al., 2008) we also chose to examine TRPC5 since we
previously reported these channels to be upstream of CaMKK in neurons (Davare et al.,
2009). Neurons were cotransfected on DIV 7 with HA-AKT alone or with siRNA directed
toward TRPC3, 5, or 6. After 72 hrs neurons were subsequently treated with BDNF for 10
min and then subjected to immunoprecipitaton to isolate HA-AKT before immunoblotting
for AKTT308 phosphorylation. We found that siTRPC5, and -6 but not siTRPC3 were able to
largely suppress AKTT308 phosphorylation induced by BDNF indicating that TRPC
channels composed of these subunits are required for the activation of CaMKK/AKT
pathway (Figure 5 G,H). Taken together these data strongly suggest that TRPC channels are
the major mediators of BDNF-induced activation of AKT by CaMKK in hippocampal
neurons.

BDNF induces the surface expression of newly translated GluA1
Although several studies have shown that pharmacological inhibition of the translation
machinery prevents GluA1 membrane insertion, this approach does not directly address the
question of whether the surface GluA1 itself was indeed newly translated or pre-existing in
some other sub-cellular compartment. Alternatively, it is conceivable that BDNF could
simply induce the translation of accessory proteins that are necessary for surface trafficking
of existing GluA1 and/or membrane retainment. In such a scenario GluA1 subunits,
although not translated, would be under the control of newly translated adaptor/trafficking
proteins responsible for their membrane delivery or retainment (Jourdi et al., 2003).

To determine whether BDNF induced the membrane insertion of newly translated GluA1
subunits we took advantage of the recently developed surface sensing of translation
(SUnSET) method (Schmidt et al., 2009). Puromycin, a structural analog of aminoacyl
tRNAs, is incorporated into nascent polypeptide chains. When used at low concentrations,
puromycin incorporation into newly synthesized proteins reflects directly the rate of mRNA
translation. Using this approach, we were able to directly assess whether surface GluA1
subunits contained puromycin, indicating they were acutely translated in response to BDNF.
As shown in Figure 6A, BDNF induced a robust increase in puromycin incorporation into
total cellular proteins, as detected by monoclonal antibodies to puromycin, compared to the
puromycin pulse alone. Importantly, the incorporation of puromycin was completely
prevented by the translational inhibitor anisomycin, confirming that puromycin was
incorporated into nascent proteins. In order to determine whether newly translated GluA1
was being incorporated into the plasma membrane, we pulsed neuronal cultures with 10 ng/
ml puromycin for 10 min immediately followed by a 30 min stimulation with BDNF in the
absence or presence of anisomycin. Surface GluA1 was detected by subjecting neuronal
cultures to surface biotinylation followed by immunoprecipitation using a GluA1 antibody
before immunodetection of streptavidin and puromycin. The increase in surface GluA1 in
response to BDNF correlated with increased incorporation of puromycin, and both were
blocked by anisomycin treatment (10 μM for 30 min) (Figure 6B, C). These data strongly
suggest that BDNF induces the translation of GluA1 and this newly translated pool of
GluA1 is subsequently incorporated into the plasma membrane.
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Synaptic incorporation of newly translated GluA1 by BDNF
Is the increase in GluA1 protein consequential for functional AMPARs at synapses? It has
been previously reported that BDNF also induces the upregulation of several PDZ proteins
including SAP97, GRIP1, and PICK1 (Jourdi et al., 2003). Given that the interactions
between AMPA receptor subunits with specific PDZ proteins is important for their synaptic
delivery, we wanted to determine whether this newly synthesized surface pool of receptors
was incorporated into synapses. To test this possibility, we performed whole-cell patch
clamp recordings from cultured hippocampal neurons treated with and without BDNF.
Synaptic currents were monitored by isolating miniature excitatory postsynaptic currents
(mEPSCs) by addition of TTX (0.5 μM) and GABAzine (10 μM) to the bath perfusate to
block voltage dependent Na+ channels and GABA-A receptors, respectively. Additionally,
D-APV (25 μM) was added to the bath perfusate to block the contribution of NMDA
receptors, allowing the isolation of AMPA receptor-mediated mEPSCs. Perfusion of BDNF
for 15 min led to a significant increase in the amplitude of mEPSC recorded from primary
hippocampal cultures as compared to controls which received heat-inactivated BDNF
(Figure 7A). It should be noted that the frequency (control = 2.0 ± 0.2 Hz and BDNF = 2.1 ±
0.1 Hz), rise time (control = 1.06 ± 0.06 ms and BDNF = 1.07 ± 0.05 ms) and decay times
(control = 6.98 ± 0.10 ms and BDNF = 7.57 ± 0.07 ms) of mEPSCs were not altered by the
addition of BDNF. Importantly, the increase in mEPSC amplitude was sensitive to the co-
application of anisomycin to the bath perfusate (Figure 7A), suggesting that the majority of
the increase in mEPSC amplitude required de novo protein synthesis.

To directly test whether GluA1 subunits were specifically being translated and incorporated
into synapses, we infused small interfering RNA (siRNA) directed toward either GluA1
(siGluA1) or GluA2 (siGluA2) through the whole-cell patch pipette. We tested the
specificity of both siRNAs in HEK cells. HEK cells were grown to 60% confluence and
transfected with either wtGluA1 or wtGluA2 for 24 hrs with or without co-treatment of 0.4
or 4 nM siGluA1 or siGluA2. We found that siGluA1 significantly reduced the expression of
GluA1 but did not alter the expression of GluA2, while siGluA2 robustly reduced GluA2
protein and only modestly reduced GluA1 expression thus demonstrating the subunit
specificity of these siRNAs (Figure 7B, C). Hippocampal pyramidal neurons were then
patched with or without infusion of either siGluA1 (2.0 nM) or siGluA2 (2nM). Following
the establishment of whole-cell recording, mEPSCs were recorded for 10 min to establish
baseline and then perfused with BDNF for 15 min. Infusion of siGluA1 (Figure 7D) but not
siGluA2 (Figure 7E) attenuated the increase in mEPSC amplitude mediated by BDNF
toward baseline responses. This strongly suggests that the increase in mEPSC amplitude
induced by BDNF was due to synaptic insertion of AMPARs containing newly translated
GluA1 but not GluA2 subunits. To control for the possibility that GluA1 subunits may
rundown in neurons infused with siGluA1 due to potential “off target” effects we compared
the properties of basal AMPA receptor-mediated mEPSCs before and 15 min after infusion
of siGluA1. We found that infusion of 2 nM siGluA1 alone had no effect on basal mEPSC
amplitude (0–3 min = 11.0 ± 1.12 pA and 15 – 20 min = 9.9 ± 1.06 pA) or decay time (0–3
min = 3.1 ± 0.5 ms and 15 – 20 min = 3.9 ± 0.7 ms) suggesting that the failure of BDNF to
increase mEPSC amplitude in cells loaded with siGluA1 is likely not due to “off target”
effects but are due to inhibition of nascent GluA1 synthesis.

The above observations implied that the increase in mEPSC amplitude induced by BDNF
could be caused by the increased presence of GluA2-lacking CP-AMPARs. To detect the
presence of CP-AMPARs we performed whole-cell voltage clamp recordings of AMPA
receptor-mediated mEPSCs in the presence of IEM-1460, a selective antagonist of GluA2-
lacking (i.e., calcium-permeable) AMPA receptors. IEM-1460 has been shown to have
greater selectivity than philanthotoxin-433 for CP-AMPARs versus GluA2-containing
AMPARs as well as NMDARs (Magazanik et al., 1997; Buldakova et al., 1999; Samoilova
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et al., 1999; Buldakova et al., 2007). Given that some synaptic CP-AMPARs are present
during this early stage (DIV 7–9) of development (Kumar et al., 2002; Eybalin et al., 2004;
Ho et al., 2007), we first determined their basal contribution to recorded spontaneous
mEPSCs. The mean mEPSC amplitude was attenuated by 40 ± 3.2 % of baseline responses
following perfusion of IEM-1460 (30 μM) for 10 min. More importantly, the increase in
mEPSC amplitude induced by BDNF was completely abolished by IEM-1460 (Figure 7F).
These results are consistent with the synaptic incorporation of CP-AMPARs containing
newly translated GluA1 subunits.

Discussion
It is well known that BDNF plays an important role in the development of synapses (Poo,
2001; Kuipers and Bramham, 2006). Previous studies have also demonstrated that BDNF
acutely regulates the expression and membrane trafficking of GluA1 subunits during the
period of increased synaptogenesis (Caldeira et al., 2007; Nakata and Nakamura, 2007).
Consistent with this, many labs have also shown that in various brain regions, including
hippocampus, that excitatory glutamatergic synapses initially express GluA2 lacking CP-
AMPARs (Caldeira et al., 2007; Nakata and Nakamura, 2007). However, the cellular and
molecular mechanisms induced by BDNF that mediate changes in GluA1 surface expression
remain poorly understood. Utilizing multiple experimental approaches we now identify a
role for CaMKK (Fig. 8) that in young hippocampal neurons BDNF acutely induces the
direct translation and subsequent synaptic insertion of GluA1 containing AMPARs which
leads to the increased synaptic expression of CP-AMPARs.

The trafficking of AMPARs to the synaptic membrane is thought to play an important role
during synaptogenesis and synapse maturation, as well as during synaptic plasticity
(Malinow and Malenka, 2002; Song and Huganir, 2002; Derkach et al., 2007). Many of
these processes are also dependent on protein synthesis as impairments in the translational
machinery result in abnormal neuronal morphology and physiology which have been linked
to various neurological disorders (Wang et al., 2010). We have provided evidence
demonstrating that BDNF directly induces the synthesis of GluA1 subunits. As BDNF has
been shown to alter the protein expression of over a hundred synaptic proteins (Liao et al.,
2007) it is possible that BDNF also alters the expression of additional auxiliary proteins that
may be necessary for GluA1 trafficking to or retention in the synapse. Indeed, BDNF has
been shown to increase the expression of SAP97, a key PDZ protein associated with GluA1
stability at the postsynaptic density (Jourdi et al., 2003). Although, we have strong evidence
to suggest that newly synthesized GluA1 subunits traffic to the synaptic membrane,
expression of auxiliary proteins such as TARPS or SAP97 may produce similar results.

One particular finding is that newly translated GluA1 containing CP-AMPARs appears to be
required for the increased synaptic strength induced by BDNF. Interestingly, immature
hippocampal neurons do basally express a significant fraction of extrasynaptic and synaptic
CP-AMPARs but these receptors are not utilized for the enhancing of synaptic strength. This
is unexpected and suggests these new GluA1-containing AMPARs might serve a separate
function. For example, GluA1 may have a different composition of associated proteins or
different downstream signaling, beyond their high Ca2+ permeability which might be
important for synaptogenesis and synapse maturation.

We found that BDNF induced the synthesis, trafficking and synaptic incorporation of GluA1
subunits within 15 min, resulting in increased synaptic strength. While this study does not
address whether synthesis of GluA1 occurs locally in the dendrite, growing evidence has
made it clear that local dendritic protein synthesis does occur (Sutton and Schuman, 2006)
and that GluA1 subunits can indeed be translated within the dendritic compartment (Ju et al.,
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2004; Smith et al., 2005; Sutton et al., 2006). It should also be noted that whereas several
labs have observed increases in mEPSC frequency without accompanying changes in
mEPSC amplitude in cultured hippocampal neurons following BDNF treatment (Lessmann
et al., 1994; Lessmann and Heumann, 1998; Li et al., 1998; Schinder et al., 2000; Madara
and Levine, 2008), we only detected changes in mEPSC amplitude. The origin of this
discrepancy is unclear, but it may be due to developmental differences in BDNF signaling.
For example, BDNF fails to trigger increases in surface GluA1 in neurons cultured to 14
DIV (Caldeira et al., 2007). In addition, the increase in mEPSC amplitude we observe after
15 min of BDNF treatment may be accounted for by insertion of a very small number of CP-
AMPARs that exhibit enhanced unity conductance (see Fig. 6 of Guire et al. 2008). This
small number of additional CP-AMPARs at existing synapses would probably not be
sufficient to give a detectable increase in mEPSC frequency.

We have also identified a signaling pathway induced by BDNF which enhances GluA1
synthesis and synaptic strength. Activation of TrkB receptors upon BDNF binding has been
shown to engage the Ras-Raf MAPK/ERK cascade, the PI3 kinase cascade, and the PLCγ-
IP3-TRPC cascade (Segal and Greenberg, 1996). Our data suggests that TRPC channels can
activate mTOR-dependent translation of GluA1 subunits by activating the CaMKK/AKT
signaling pathway. Although, both recombinant BDNF (Li et al., 1999; Nakata and
Nakamura, 2007) and endogenous BDNF (Li et al., 2010) have been shown to activate
TRPC channels in hippocampal neurons this is the first report linking these channels to
mTOR-dependent translation. Previous studies have linked BDNF to the activation of
TRPC3 (Li et al., 1999; Amaral and Pozzo-Miller, 2007a; Li et al., 2010) and/or TRPC6
(Zhou et al., 2008). The current study demonstrates that BDNF also activates TRPC5. It
should be noted that TRPC5 has been shown to be stimulated by receptor tyrosine kinases
(Schaefer et al., 2000). Our data specifically links activation of TRPC5, and -6 to BDNF-
induced phosphorylation of AKT at T308 whereas knockdown of TRPC3 had no effect.
These data demonstrate that TRPC5, and -6 containing channels are likely to contribute to
the Ca2+ flux responsible for the activation of CaMKK required for BDNF-induced mTOR-
dependent translation of GluA1.

The present study also implicates AKT as a downstream substrate of CaMKK which
mediates the effects of BDNF in hippocampal neurons. In addition to phosphoinositide
binding at the plasma membrane, AKT requires the phosphorylation of T308 within its
kinase domain as well as phosphorylation of S473 within its C-terminal domain (Alessi et
al., 1996). While phosphorylation of T308 is important for its catalytic activity, S473 is
thought to aid in the stabilization of its substrates (Yang et al., 2002a; Yang et al., 2002b). In
most biological systems T308 as well as S473 are thought to be phosphorylated by
phosphoinositide-dependent kinase-1 (PDK1) (Alessi et al., 1997; Stephens et al., 1998;
Toker and Newton, 2000). However, our group has previously shown that CaMKK can
phosphorylate recombinant AKT in vitro (Yano et al., 1998). Induction of theta-burst LTP
via NMDARs results in rapid CaMKK-mediated phosphorylation of CaMKI (maximal at 5
min) but very slow CaMKK (i.e., blocked by STO-609) phosphorylation of AKT-T308 that
peaked at 1 hr (Schmitt et al., 2005). Here we show TRPC-mediated activation of CaMKK
phosphorylates AKT-T308 within 5 min. Specificity of CaMKK phosphorylation was also
observed as only the critical T-loop residue (T308) within AKT, but not S473 was
phosphorylated by CaMKK. Thus, it appears that the source of Ca2+-influx (e.g., NMDAR
vs. TRPC) dictates the temporal substrate-specific targets downstream of CaMKK as has
been observed for other Ca2+-responsive systems (Bading et al., 1993). It is assumed that
S473 is subsequently phosphorylated by PDK1 as in other biological systems. We also
provide evidence that CaMKK phosphorylation of AKT at T308 is required for its kinase
activity as YB1, a direct target of AKT was unable to be phosphorylated upon CaMKK
inhibition. Thus, our finding extends the list of neuronal CaMKK substrates to include AKT.
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Previous work from our laboratory has established multiple roles of the CaMKK/CaMKI
pathway in numerous aspects of neuronal development and plasticity (Wayman et al., 2008;
Fortin et al., 2011). The current work highlights a novel role for CaMKK in mediating Ca2+-
dependent downstream signaling events associated with regulation of protein synthesis, an
area of growing interest in synaptic plasticity and neurological diseases (Sutton and
Schuman, 2006). The translation of GluA1 and subsequent synaptic expression of GluA1
containing CP-AMPARs mediated by BDNF provides a mechanism to either increase
postsynaptic Ca2+ concentrations or other signaling which may be important for synapse
maturation. As we have previously linked CP-AMPARs to the actin cytoskeleton via the
Rac/PAK/LIMK pathway following NMDAR-dependent LTP, they may play a similar role
earlier in development. Alternatively, they may serve to unsilence developing synapses
which lack NMDAR currents by the stepwise acquisition of GluA1 containing CP-AMPARs
(Isaac, 2003; Poncer, 2003). Our findings suggest that BDNF acting through CaMKK may
facilitate the incorporation of CP-AMPARs during this critical time in synapse development
(Figure 8). Endogenous BDNF likely contributes to this process as treatment of hippocampal
slices with the BDNF scavenger TrkB-IgG reduces dendritic spine density of CA1
pyramidal neurons (Tyler and Pozzo-Miller, 2001). BDNF activation of the CaMKK and
PDK1 pathways can account for the AKT/mTOR-dependent synthesis of GluA1, but what
triggers the synaptic expression of the nascent GluA1 as CP-AMPARs? As mentioned
above, several possibilities, such as scaffold proteins (e.g., SAP97), may be involved.
Another likely candidate is CaMKI that is also activated by BDNF (Figure 1D). Indeed,
infusion of activated CaMKI via a patch pipette into hippocampal neurons results in rapid
enhancement of synaptic CP-AMPAR currents (Guire et al., 2008). This effect presumably
involves some type of trafficking event(s) since it was blocked by inhibition of actin
polymerization with latrunculin A. Further experiments need to explore BDNF-mediated
mechanisms underlying synaptic trafficking of newly synthesized GluA1. Another critical
area of future investigation is the identification of targets specifically downstream of CP-
AMPARs.
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Figure 1.
BDNF-induced increase in total GluA1 protein requires CaMKK. Representative
immunoblot of hippocampal cell lysates illustrating the increase in total GluA1 (A, B),
phosphorylated ERK (p-ERK) (C), and CaMKK-mediated phosphorylation of CaMKI (p-
CaMKI) (D) following increasing times of BDNF treatment. Error bars indicate SEM (n = 5
from 5 independent experiments). *p < 0.05 by one-way ANOVA and Tukey post hoc test.
E, Representative immunoblot (left panel) and quantification (4 independent experiments) of
total GluA1 protein following 15 min of BDNF treatment in the absence or presence of 10
μM STO-609 (STO, CaMKK inhibitor) or 1 μM rapamycin (Rap, mTORC1 inhibitor).
Error bars indicate SEM. *p<0.05, **p<0.01 by Student's t test. In panels A and E, β-tubulin
is shown as loading control.
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Figure 2.
CaMKK mediates BDNF-induced increases in GluA1 surface expression. A, Representative
immunoblot of biotinylated surface GluA1 (GluA1bio) and surface transferrin receptor
following 60 min of BDNF treatment in the absence or presence of STO-609 or Rap. as
shown. B, Quantification of surface biotinylated GluA1 normalized to surface transferrin
receptor for indicated conditions (n = 5 from 5 independent experiments). C. Representative
immunofluorescence images of hippocampal primary neurons (10 DIV) transfected with
mRFP (red) and superimposed with surface GluA1 (pseudo-colored in green) for control,
neurons treated with 50 ng/ml BDNF plus or minus co-expression of short hairpins to α and
β CaMKK (shCaMKK). Inset shows a magnification of the boxed segment of proximal
dendrite. Lower right panel shows group data for surface GluA1 levels for indicated
conditions (n = 8 – 12 neurons per coverslip from 3 independent experiments). Error bars
indicate SEM *p < 0.05 by Student's t test.
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Figure 3.
CaMKK functions upstream to activate mTOR. A, Top panel shows a representative western
blot illustrating the time-dependent increase in phosphorylated mTOR (p-mTOR, S2448)
following treatment with BDNF for the indicated times shown. Bottom panel depicts group
data for the ratio of p-mTOR to β-tubulin for each given time point. Error bars indicate SEM
(n = 3 from 3 independent experiments). *p < 0.05 by one-way ANOVA and Tukey post hoc
test. B, Upper panel shows an immunoblot of p-mTOR levels following BDNF treatment for
15 min in the absence or presence of STO-609 (10 μM) or rapamycin (1 μM). Lower panel
provides group data for p-mTOR levels normalized to β-tubulin for indicated conditions.
Error bars indicate SEM (n = 4 from 4 independent experiments). **p < 0.01 by Student's t
test.
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Figure 4.
BDNF-induced phosphorylation of AKT at T308 but not S473 requires CaMKK. A, Left
panel shows a representative western blot illustrating the change in phosphorylation of AKT
(p-AKT(T308)) and its substrate Y-box binding protein 1 (p-YB1) following 5 min of BDNF
treatment in presence or absence of STO-609. Right panel depicts group data for both p-
AKT and p-YB1 normalized to β-tubulin (n = 4 from 4 independent experiments). B, C.
Representative western blots of immunoprecipitated HA-tagged AKT expressed or co-
expressed with shCaMKK in hippocampal neurons treated with BDNF for 5 min and probed
for phosphorylation at AKTT308 (B) or AKTS473 (C). Group data of p-AKT for T308 or
S473 (n = 3 from 3 independent experiments)-to total AKT for conditions indicated are
shown below. Error bars indicate SEM. *p < 0.05, **p < 0.01, ***p < 0.001 by Student's t
test.
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Figure 5.
TRPC channels contribute to BDNF-mediated activation of CaMKK, the mTOR complex
and membrane trafficking of GluA1. A–D, Representative western blot of hippocampal cell
lysates illustrating the increase in phosphorylated AKT (T308), mTOR (S2448) and CaMKI
(T177) following 5 min of BDNF treatment in the absence or presence of APV (25 μM or
SKF-96265 (SKF, 30 μM) (A). Quantification of changes in total p-AKT (B), p-mTOR (C),
and p-CaMKI (D) normalized to β-tubulin for indicated conditions. Error bars indicate SEM
(n = 5 from 5 independent experiments). E, Representative western blot of surface
biotinylated GluA1 (GluA1(bio)), GluA1(tot) and transferrin receptor following 60 min of
BDNF treatment in the presence or absence of SKF or APV. F, Mean data from 4
independent experiments for conditions shown. G, Neurons were transfected with HA-AKT
alone or with siTRPC3, siTRPC5, or siTRPC6. After 72 hrs neurons were treated with
BDNF for 10 min before undergoing immunoprecipitation to obtain HA-AKT.
Representative western blot of pAKT (T308) and HA following BDNF treatment is shown
for indicated conditions. H, Group data for conditions shown in E demonstrating loss of
AKTT308 phosphorylation by BDNF in the presence of siTRPC5 or siTRPC6. *p < 0.05,
**p < 0.01 by Student's t test.
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Figure 6.
BDNF induces surface delivery of newly translated GluA1. A, Immunoblot of hippocampal
total cell lysates following a 10 min puromycin (10 ng/ml) pulse followed by BDNF
stimulation (40 min) in the absence or presence of anisomycin (Aniso, 10 μM) and probed
with puromycin or β-tubulin antibodies. B, Western blot showing levels of surface
biotinylated GluA1 (streptavidin), and puromycin incorporation (puromycin) from
hippocampal lysates immunoprecipitated with an antibody to GluA1 following BDNF
stimulation in the absence or presence of anisomycin. β-tubulin was probed from
accompanying total cell lysates. C, Quantification of the ratio of surface biotinylated GluA1
and puromycin incorporation to β-tubulin for indicated conditions (n = 5 from 5 independent
experiments). Error bars indicate SEM. *p < 0.05 by Student's t test.
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Figure 7.
BDNF-induced increase in synaptic strength requires protein synthesis of GluA1 subunits
coupled to expression of CP-AMPARs. A, Left, example traces of mEPSCs recorded at
room temp at a holding potential of −70 mV for each condition indicated. Traces were an
average of 100 – 150 consecutive events recorded during each treatment condition. In the
indicated experiments, neurons were pretreated with anisomycin for 30 min prior to the
addition of BDNF to impair translation. Right, group data for mean mEPSC amplitude for
control (n = 12), BDNF (n = 6); *p<0.05 by Student's t test) and BDNF in the presence of
anisomycin (Aniso; n = 6). B, Representative western blot for GluA1 and GluA2 subunits
expressed in HEK cells in the absence or presence of 0.4 or 4.0 nM siRNA for GluA1 or
GluA2. β-tubulin was used as a loading control. C, Quantification of GluA1 and GluA2
knockdown for conditions indicated in panel B for 4 independent experiments. D and E, left
panel shows average mEPSCs recorded during baseline and following treatment with BDNF
with inclusion of siGluA1 (D) or siGluA2 (E) in the patch pipette. Individual (grey) and
mean (black) mEPSC amplitudes are depicted in the right panel for siGluA1 (D; n = 7) and
siGluA2 (E; n = 5). *p<0.05 by Student's paired t test. F. Group data illustrating the mean
reduction in mEPSC amplitude as a percentage of baseline responses following IEM
treatment under baseline conditions (left; n = 12) and following BDNF stimulation (right; n
= 7). Error bars indicate SEM. *p < 0.05 by Student's paired t test.
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Figure 8.
Schematic of signaling pathway involving CaMKK regulation of GluA1 synthesis and
synaptic incorporation as CP-AMPARs. Signaling shown in bold font is documented in the
current report whereas signaling in normal font is taken from the literature as cited in the
text.
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