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Development/Plasticity/Repair

Positive AMPA Receptor Modulation Rapidly Stimulates
BDNF Release and Increases Dendritic mRNA Translation
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Brain-derived neurotrophic factor (BDNF) stimulates local dendritic mRNA translation and is involved in formation and consolidation
of memory. 2H,3H,6aH-pyrrolidino[2⬙,1⬙-3⬘,2⬘]1,3-oxazino[6⬘,5⬘-5,4]-benzo[e]1,4-dioxan-10-one (CX614), one of the best-studied positive AMPA receptor modulators (also known as ampakines), increases BDNF mRNA and protein and facilitates long-term potentiation
(LTP) induction. Several other ampakines also improve performance in various behavioral and learning tasks. Since local dendritic
protein synthesis has been implicated in LTP stabilization and in memory consolidation, this study investigated whether CX614 could
influence synaptic plasticity by upregulating dendritic protein translation. CX614 treatment of primary neuronal cultures and acute
hippocampal slices rapidly activated the translation machinery and increased local dendritic protein synthesis. CX614-induced activation of translation was blocked by K252a [(9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1Hdiindolo[1,2,3-fg:3⬘,2⬘,1⬘-kl]pyrrolo[3,4-i][1,6]benzodiazocine-10-carboxylic acid methyl ester], CNQX, APV, and TTX, and was inhibited in the presence of an extracellular BDNF scavenger, TrkB-Fc. The acute effect of CX614 on translation was mediated by increased
BDNF release as demonstrated with a BDNF scavenging assay using TrkB-Fc during CX614 treatment of cultured primary neurons and
was blocked by nifedipine, ryanodine, and lack of extracellular Ca 2⫹ in acute hippocampal slices. Finally, CX614, like BDNF, rapidly
increased dendritic translation of an exogenous translation reporter. Together, our results demonstrate that positive modulation of
AMPA receptors rapidly stimulates dendritic translation, an effect mediated by BDNF secretion and TrkB receptor activation. They also
suggest that increased BDNF secretion and stimulation of local protein synthesis contribute to the effects of ampakines on synaptic
plasticity.

Introduction
Dendritic protein synthesis, an event essential for the formation
and stabilization of synapses and neural circuits in brain, consists
of three steps: initiation, elongation, and release; each of these
steps involves multiple factors and is regulated by various proteins, including kinases. Memory stabilization/consolidation is
protein synthesis dependent, as inhibition of mRNA translation
to protein prevents long-term storage and consolidation of newly
learned tasks and events (Wells and Fallon, 2000; Pfeiffer and
Huber, 2006; Bramham, 2007). Regulation of dendritic protein
synthesis has recently been shown to play a critical role in synaptic plasticity, in particular in long-term potentiation (LTP) and
long-term depression (LTD) (Davis and Squire, 1984; Klintsova
and Greenough, 1999; Huber et al., 2000; Sigrist et al., 2000; Wells
and Fallon, 2000; Aakalu et al., 2001; Pfeiffer and Huber, 2006).
Brain-derived neurotrophic factor (BDNF) has emerged as a key
regulator of synaptic plasticity and learning (Minichiello et al.,
2002; Narisawa-Saito et al., 2002; Jourdi et al., 2003; Rex et al.,
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2006, 2007; Bramham, 2007). BDNF activation of protein synthesis in neuronal cell bodies and dendrites is mediated by stimulation of the BDNF receptor, tyrosine receptor kinase B (TrkB),
leading to increased translation via the mammalian target of
rapamycin (mTOR) pathway and phosphorylation of several
translation factors and kinases, such as initiation factor 4E binding protein 1 (4EBP1) and p70S6 kinase (p70S6K) (Takei et al.,
2004).
Positive AMPA receptor modulators (PARMs, also known as
ampakines) are allosteric ligands that increase glutamatemediated responses of AMPA receptors by modifying the kinetics
of the receptors (activation, deactivation, desensitization) (Arai
and Kessler, 2007). 2 H,3H,6aH-Pyrrolidino[2⬙,1⬙-3⬘,2⬘]1,3oxazino[6⬘,5⬘-5,4]-benzo[e]1,4-dioxan-10-one (CX614) is one
of the best characterized ampakines; it decreases desensitization
and slows deactivation of AMPA receptors in excised patches,
enhances the size (amplitude and duration) of field EPSPs in
hippocampal slices, and increases autaptically evoked EPSCs in
neuronal cultures (Arai et al., 2000). It also increases mRNA expression and protein levels of BDNF (Lauterborn et al., 2000,
2003). Previous studies suggested that the long-lasting effects of
ampakines on learning and memory are mediated by increased
BDNF expression (Granger et al., 1993; Ingvar et al., 1997; Lynch,
2004). Ampakines also facilitate LTP induction and improve
memory retention and learning of several behavioral tasks. Because of all these properties, several types of positive AMPA receptor modulators are being examined as potential treatments
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treated with the following blockers and inhibitors
for 10 and 30 min, respectively, before being
treated with CX614 or BDNF; these inhibitors
and blockers were used at the following
concentrations:(2R)-amino-5-phosphonovaleric
acid (APV) (Tocris; 25 M in cultured neurons),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
(Tocris; 50 M in slices; 25 M in cultured neurons), (9S,10R,12R)-2,3,9,10,11,12-hexahydro10-hydroxy-9-methyl-1-oxo-9,12-epoxy-1Hdiindolo[1,2,3-fg:3⬘,2⬘,1⬘-kl]pyrrolo[3,4-i]
[1,6]benzodiazocine-10-carboxylic acid methyl
ester (K252a) (Tocris; 0.5 M), rapamycin (EMD
Biosciences; 1 M), actinomycin D (EMD Biosciences; 10 M), nifedipine (Sigma; 10 M), ryanodine (EMD Biosciences; 100 M), and EGTA
(Sigma; 5 mM). TrkB-Fc, a cell membraneimpermeable extracellular scavenger of BDNF
made from the extracellular domain of human
TrkB fused to the C-terminal histidine-tagged Fc
region of human IgG1 (R&D Systems or from
Sigma) was used at 2 g/ml in acute slices and in
the BDNF precipitation-scavenging assay (see below) and at 0.5 g/ml in cultured neurons. All
reagents were applied directly from stock solutions into culture medium (for cultured neurons)
or artificial CSF (aCSF) for acute hippocampal
slices. CX614 (50 M) and BDNF (100 ng/ml)
were added directly into culture medium for the
translation reporter experiment (see Fig. 6).
Acute hippocampal slice preparation . Hippocampi were rapidly dissected from 2-monthold Sprague Dawley rats, submerged in chilled
cutting medium containing (in mM) 220 sucrose, 20 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 10 glucose, 2 ascorbic acid, and 2
MgSO4, bubbled with 95% O2–5% CO2, and
cut into transverse slices (400 m thick) using a
McIlwain tissue chopper. Slices were then incubated in artificial CSF (aCSF) containing (in
mM) 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 24
NaHCO3, 2 ascorbic acid, 10 glucose, 1.5
Figure 1. Effects of CX614 on mTOR and 4EBP1 phosphorylation in acute hippocampal slices and primary cortical neurons. a, MgSO4, and 2.5 CaCl2, saturated with 95%
Acute hippocampal slices from adult male rats incubated with vehicle (Control) or CX614 (50 M) for 1 h were immediately O2–5% CO2, and incubated for a 1 h recovery
processed for immunohistochemistry with antibodies against phospho-mTOR (left panels) or phospho-4EBP1 (right panels). Note period at 37°C. All reagents were added directly
the clear increase in immunoreactivity in stratum radiatum of CA1 and in stratum granulosum of the dentate gyrus (DG) in into aCSF, and slices were treated for the indiCX614-treated slices compared with control. Scale bar, 20 m. b, Acute hippocampal slices from adult male rats were incubated cated lengths of time.
Primary cortical neuronal cultures. The neowith CX614 (50 M) for 1 h in the presence or absence of CNQX (50 M), and tissues were immediately processed for immunoblots
with the following antibodies: phospho-mTOR, mTOR, phospho-4EBP1, and 4EBP1. c, Cultured cortical neurons were incubated cortices of embryonic day 19 (E19) Sprague
with CX614 (10 M) for 1 h in the presence of CNQX (25 M) and were processed for immunoblotting with the following Dawley rat embryos were dissected, digested
antibodies: phospho-mTOR, mTOR, phospho-p70S6K, and p70S6K. Immunoblots were quantified and ratios of phosphorylated with trypsin, and mechanically dissociated. Cell
over total antigens were calculated; data were then expressed as fold of control and are means ⫾ SEM from six independent were resuspended in B27-Neurobasal medium
(NBM) and plated onto poly-D-lysine-coated
experiments. *p ⬍ 0.01, **p ⬍ 0.001 compared with control (ANOVA followed by Tukey’s posttest analysis).
dishes at a density of 800 –1000 cells/mm 2 for
Western blotting and onto poly-D-lysinefor various neurodegenerative diseases, behavioral disorders, and
coated glass coverslips at a density of 100 –200 cells/mm 2 for immunocognitive deficits associated with aging (Lynch, 2004). Accordstaining. The cells were maintained in B27-NBM supplemented with 0.5
ingly, the present study investigated the links between CX614,
mM glutamine and with penicillin and streptomycin. Day in vitro 14
BDNF, and dendritic protein synthesis. Our results indicate that
(DIV14) cultures were used in all experiments.
CX614 rapidly activates dendritic protein synthesis machinery
BDNF release scavenging assay. Twenty dishes of DIV14 primary corand that these effects require BDNF release and activation of
tical neurons were first washed with warm HBSS (3 ⫻ 10 min, 37°C),
then incubated with TrkB-Fc (1 h, 2 g/ml, total medium volume ⫽
TrkB and mTOR.
4 ml/culture dish) before being treated with vehicle or with CX614 (10
Materials and Methods
M; 1 h). At the end of treatment, medium from three to four dishes
was collected and concentrated (40⫻) using filter-centrifugation
Reagents and treatments. Primary neuronal cultures and acute hippocampal
through a Vivaspin 20 column (Vivascience) at 4°C. Protein concenslices were treated with the ampakine (CX614) (a generous gift from Cortex
tration was determined, and equal volume of lysis buffer [150 mM
Pharmaceuticals; 50 M for slices and 10 M for primary neuronal cultures).
NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM Tris-HCl, pH 7.4, 0.5 mM
BDNF was also used for 1 h (100 ng/ml in slices and 50 ng/ml in cultured
PMSF, 2 mg/ml leupeptin, and 1:1000 protease inhibitor mixture
neurons). Primary neuronal cultures and acute hippocampal slices were
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(Roche)] was then added. Thirty to forty micrograms of total proteins from concentrated
medium were processed by SDS-PAGE for
Western blotting as indicated below. AntiBDNF antibodies (N-20, Santa Cruz Biotechnology) were used to label scavenged BDNF.
Levels of TrkB-Fc from the concentrated medium were used as an indicator of equal protein loading from control- and CX614treated samples as follows: TrkB-Fc was
reacted with polyclonal anti-TrkB antibodies
(Cell Signaling) followed by HRP-conjugated
secondary antibodies or reacted directly with
HRP-conjugated goat anti-human secondary
antibody (Jackson ImmunoResearch Laboratories). Results were then calculated as levels
of BDNF corrected for levels of TrkB-Fc. The
experiment was repeated twice, generating
six values for control and six values for
CX614-treated cultures, which were used to
generate means ⫾ SEM.
Immunoblotting. At the end of treatments,
acute hippocampal slices and cultured neurons
were collected in lysis buffer [150 mM NaCl, 5 Figure 2. mTOR mediates the effects of CX614 on 4EBP1 activation in cultured cortical neurons. Cultured cortical neurons were
mM EDTA, 1% Triton X-100, 10 mM Tris-HCl, incubated with CX614 (10 M) or BDNF (50 ng/ml) for 1 h in the absence or presence of rapamycin (1 M). At the end of treatment,
pH 7.4, 0.5 mM PMSF, 2 mg/ml leupeptin, and cultures were fixed and processed for immunostaining (a) with antibodies against phospho-4EBP1, or lysed and processed for
1:1000 protease inhibitor mixture (Roche)]. immunoblotting (b) with antibodies against 4EPP1 and phospho-4EBP1. Immunoblots were quantified and ratios of phosphorFive to forty micrograms of denatured total ylated over total 4EBP1 were calculated; data were then expressed† as fold of control and are means ⫾ SEM from six independent
protein were separated by SDS-PAGE using experiments. *p ⬍ 0.01, **p ⬍ 0.001 compared with control; p ⬍ 0.01 compared with CX614 (ANOVA followed by Tukey’s
4 –20% Precise Protein Gels (Pierce), and trans- posttest analysis). Rapa, Rapamycin. Scale bar, 20 m.
ferred onto polyvinylidene difluoride memthe preblock buffer at room temperature, sections and cells were incubranes. Membranes were then blocked with 5% nonfat milk or with 3%
bated with the following secondary antibodies: Alexa Fluor 488 (green)bovine serum albumin (BSA) dissolved in Tris-buffered saline (TBS) at
conjugated anti-mouse IgG or Alexa Fluor 546 (red)-conjugated antiroom temperature for 1 h and reacted overnight with antibodies at 4°C.
rabbit IgG antibodies (Invitrogen) diluted (1:100) in the preblock buffer
All primary antibodies were used at 1:1000 dilution except anti-␤-actin,
which was used at 1:10,000. We used the following primary antibodies:
at room temperature for 1 h, rinsed with PBS (3 ⫻ 5 min) and mounted
affinity-purified rabbit anti-Arc (Synaptic Systems), anti-phospho TrkB
with Prolong Gold Antifade Reagents (Invitrogen). Immunostaining sig[Tyr516; also known as phospho-TrkA (Tyr490); Cell Signaling], antinals were not detected in the absence of primary antibodies, and results
TrkB (Cell Signaling and Millipore), rabbit anti-GFAP (DAKO), mouse
did not show any change in total labeling with antibodies against the
anti-␤-actin (Millipore), anti-phospho mTOR (Ser2448) and antinonphosphorylated proteins. Immunostaining was observed and capmTOR (both from Cell Signaling), anti-phospho p70S6K (Thr389) and
tured (1392 ⫻ 1040 pixels/field) using an Axioskop fluorescent microanti-p70S6K (both from Cell Signaling), anti-phospho 4EBP1 (Thr37/
scope (Zeiss) equipped with a digital camera (Olympus).
46; Cell Signaling), and anti-4EBP1 (Cell Signaling and Santa Cruz BioLocal protein translation and image acquisition and analysis . To quantechnology). Following incubation with primary antibodies, membranes
tify dendritic protein synthesis in living hippocampal neurons prepared
were washed in TBS containing 0.1% Tween 20 (TBST) and incubated
from E18 BALB/c mouse embryos, we used a green fluorescent (GFP)
with peroxidase-conjugated secondary antibodies (1:10,000; Vector Labreporter cDNA flanked by the 5⬘ and 3⬘ untranslated regions (UTRs)
oratories), for 1 h, developed with ECL plus solution (ECL kit, GE
from the CaMKII␣ subunit. This pcDNA3.1–5⬘ UTR-dGFP-3⬘ UTR
Healthcare) and exposed to negative film. Exposed films were developed,
plasmid (generous gift from Dr. Erin M. Schuman, Caltech, Pasadena,
fixed, scanned, and analyzed quantitatively by densitometry with NIH
CA) was described previously (Aakalu et al., 2001). The UTRs of the
ImageJ software. Data were calculated as fold of control and expressed as
CaMKII␣ mRNA contain sequences sufficient for its dendritic localizameans ⫾ SEM from four to six independent experiments. All results were
tion (Mayford et al., 1996). This plasmid encodes a myristoylated GFP
normalized against the total levels of native nonphosphorylated proteins
(myrGFP) protein, and myristoylation limits intracellular diffusion of
in each individual sample. In addition, all blots were stripped and reinthe translated reporter protein, because the translated myrGFP is ancubated with anti-␤-actin as loading control, and all results were adchored to the cell membrane. Previous work with this construct estabjusted against actin signal.
lished that myrGFP recovery in distal dendritic segments (⬎100 m) was
Immunostaining. Cultured primary cortical neurons and acute hipdue to new protein synthesis rather than diffusion from other cell compocampal slices were fixed in ice-cold 4% paraformaldehyde in 0.1 M
partments. Twenty-four hours after transfection of this translation rephosphate-buffer for 1 h. Slices were postfixed overnight in the same
porter plasmid, neurons cultured in a glass-bottom 35 mm dish were
solution and sectioned (25 m) using a freezing microtome. Fixed cells
transferred to an imaging buffer (100 mM NaCl, 3 mM KCl, 10 mM
and free-floating sections were washed in PBS (3 ⫻ 15 min) and permeHEPES, 2 mM CaCl2, 2 mM MgCl2, 10 mM glucose, and 2% B27 dissolved
abilized in 0.7% Triton X-100 in PBS for 1 h, washed with PBS (2 ⫻ 5
in 100 mM PBS) and washed three times with the imaging buffer to
min), rinsed in 0.1 M glycine in PBS for 1 h, treated at room temperature
remove excess substrate. Healthy neurons that expressed myrGFP were
with 1% sodium borohydride dissolved in water for 20 min, and incuchosen for experimentation. Selected dendrites (⬃100 m from the cell
bated in preblock buffer (0.05% Triton X-100, 5% donkey serum in PBS)
body) were photobleached by excitation at 488 nm (Argon 488 nM) for
for 90 min and then reacted overnight (4°C) with primary antibodies
10 – 60 s until the GFP signals were barely seen. Vehicle alone, BDNF, or
diluted 1:200 –500 in preblock buffer. The following antibodies were
CX614 was then added into the medium immediately after photobleachused: anti-phospho mTOR (Ser2448), anti-mTOR, anti-phospho 4EBP1
ing. Fluorescent intensity in a distal segment of the photobleached den(Thr37/46), and anti-4EBP1 (all from Cell Signaling except anti-4EBP1,
drites was captured every 30 s immediately after photobleaching and
from Santa Cruz Biotechnology). After three washes (3 ⫻ 30 min) with
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binding protein (4EBP1). Phosphorylation of 4EBP1 by mTOR disrupts its association with eIF4E, thus allowing
initiation of cap-dependent translation.
Hippocampal slices, prepared from
adult rats, were treated with CX614 (50
M; 1 h), fixed, and immunostained with
antibodies against phosphorylated and
native forms of mTOR and 4EBP1. Labeling with antibodies against native
forms of these two proteins was not altered by CX614 treatment. Immunostaining with phospho-mTOR and
phospho-4EBP1 antibodies was significantly higher in pyramidal neurons in
CA1 region of CX614-treated hippocampal slices than in vehicle-treated
slices especially in cell bodies and apical
dendrites (Fig. 1a). Similar results were
observed in granule cells in the dentate
gyrus. Effects of CX614 on protein synthesis regulators were further evaluated
by immunoblotting of samples from
acute hippocampal slices and from primary neuronal cultures. In acute hippocampal slices, CX614 treatment induced a marked increase in levels of
phosphorylated/activated mTOR and
4EBP1, without affecting their total levels (Fig. 1b). CX614 stimulation of translation machinery required activation of
AMPA receptors, as CX614-stimulated
phosphorylation of mTOR and 4EBP1
was prevented by the AMPA receptor
blocker, CNQX (50 M) (Fig. 1b). In addition,
CX614 treatment of primary
Figure 3. BDNF mediates CX614-induced stimulation of protein translation in primary neuronal cultures and acute hippocampal slices. a, Acute hippocampal slices were treated with CX614 (50 M) in the absence or presence of CNQX (50 M) for 1 h. At the neuronal cultures (10 M, 1 h) signifiend of treatment, tissues were processed for immunoblotting with antibodies against TrkB, phospho-TrkB, BDNF, and actin. cantly increased phosphorylation of
Immunoblots were quantified and ratios of phosphorylated over total TrkB were calculated; data were then expressed as fold of 4EBP1 (data not shown) and of mTOR
control (Cont) and are means ⫾ SEM from six independent experiments. *p ⬍ 0.01 compared with control; †p ⬍ 0.01 compared and p70S6K, a kinase implicated in
with CX614 (ANOVA followed by Tukey’s posttest analysis). b, Acute hippocampal slices were treated with CX614 (50 M) in the phosphorylation of the S6 subunit of riabsence or presence of K252a (0.5 M) for 1 h. At the end of treatment, tissues were processed for immunoblotting with bosomes and in activation of translation
antibodies against total and phosphorylated TrkB, mTOR, and 4EBP1. Immunoblots were quantified and ratios of phosphorylated
(Fig. 1c). In primary neuronal cultures,
over total antigens were calculated; data were then expressed as fold of control and are means ⫾ SEM from six independent
the effects of CX614 on activation of
#
†
experiments. *p ⬍ 0.05 compared with control; p ⬍ 0.05 compared with CX614; p ⬍ 0.01 compared with CX614 (ANOVA
followed by Tukey’s posttest analysis). c, Cultured cortical neurons were treated with CX614 (10 M) in the absence or presence of mTOR and p70S6K were blocked by
K252a (0.5 M) for 1 h. At the end of treatment, cells were processed for immunoblotting with antibodies against total and CNQX (25 M). Moreover, tetrodotoxin
phosphorylated mTOR and p70S6K. Immunoblots were quantified and ratios of phosphorylated over total antigens were calcu- (TTX; 1–2 M) and two NMDA receptor
lated; data were then expressed as fold of control and are means ⫾ SEM from six independent experiments. *p ⬍ 0.01, †p ⬍ blockers, APV (25 M) and MK801 (10
0.001 compared with CX614 (ANOVA followed by Tukey’s posttest analysis).
M) prevented CX614-dependent activation of mTOR (supplemental Data 1,
available at www.jneurosci.org as supdrug application. The same acquisition parameters and settings were
plemental
material).
CX614 treatment of primary neuronal
applied to vehicle-, BDNF-, and CX614-treated neurons.
cultures
also
increased
phosphorylation of ERK1/2 and AKT
Statistical analyses. All statistics were performed using GraphPad
(supplemental Data 2, available at www.jneurosci.org as supPrism 4.03 software. One-way ANOVA was used to test whether the
plemental material).
means of each experimental group were significantly different, and if the
overall p value was ⬍0.05, then multiple comparisons between the experimental groups were tested using Tukey post hoc analysis.

Results
Ampakine-induced rapid dendritic activation of translation
factors and kinases
Eukaryotic initiation factor 4E (eIF4E) is normally bound to
and inhibited by the nonphosphorylated form of eIF4E-

mTOR activation mediates CX614-induced rapid stimulation
of translation machinery
We then examined whether mTOR mediated the effects of CX614
on activation of the translation machinery using rapamycin, a
specific mTOR inhibitor, and phosphorylation of 4EBP1 as an
example of activation of downstream targets of mTOR. Cortical
neurons were treated with CX614 and with BDNF (as a positive
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plemental Data 2, available at www.jneurosci.org as supplemental material).
TrkB phosphorylation/activation mediates CX614-induced
stimulation of protein translation machinery
BDNF affects translation by inducing activation/phosphorylation of its tyrosine kinase receptor, TrkB. Our results (Figs. 1, 2;
supplemental Data 2, available at www.jneurosci.org as supplemental material) indicated similar effects of BDNF and CX614 on
activation of several kinases and factors involved in translation
and were in good agreement with previously reported effects of
BDNF (Takei et al., 2004). Thus, our results implied convergence
of CX614 and BDNF effects on the same signaling pathway. To
examine this possibility, we first evaluated whether the effects of
CX614 were mediated by activation of the TrkB receptor. Acute
hippocampal slices and primary neuronal cultures were treated
with CX614 (50 and 10 M, respectively, for 1 h) and levels of
phosphorylated TrkB (Fig. 3a) as well as those of downstream
regulators of translation (Fig. 3b,c) were determined by Western
blotting. CX614 treatment rapidly increased TrkB phosphorylation (Fig. 3a), and the effects of CX614 were specific for AMPA
receptors, as they were blocked by cotreatment with CNQX. The
specificity of TrkB activation/phosphorylation by CX614 was further evaluated by using an inhibitor of TrkB, K252a. K252 completely eliminated CX614-dependent activation of TrkB (Fig. 3b)
and blocked CX614-dependent upregulation of phosphorylation
of mTOR and 4EBP1 in acute slices (Fig. 3b) and of mTOR and
p70S6K in primary neuronal cultures (Fig. 3c). As chronic CX614
treatment upregulates BDNF mRNA and protein levels (Lauterborn et al., 2000), we evaluated BDNF protein levels in the same
samples (Fig. 3a) and found that they were not increased following 1 h CX614 treatment. This result instigated more detailed
examination of the effects of CX614 treatment on BDNF release.

Figure 4. CX614 stimulates BDNF release in cultured neurons. a, Cultured cortical neurons
(DIV14) were preincubated with TrkB-Fc (0.5 g/ml, 1 h) and incubated in the absence or
presence of CX614 (10 M, 1 h). At the end of treatment, cells were processed for immunoblotting with antibodies against actin and total and phosphorylated TrkB. Immunoblots were quantified and ratios of p-TrkB over total unphosphorylated TrkB were calculated; data were then
expressed as fold of control and are means ⫾ SEM from six experiments. *p ⬍ 0.001 compared
with control; †p ⬍ 0.05 compared with CX614; #not significantly different from control (ANOVA
followed by Tukey’s posttest analysis). Cont, Control. b, DIV14 cultured cortical neurons preincubated with TrkB-Fc (2 g/ml) were treated with CX614 (10 M, 1 h). Medium from three or
four dishes was combined, and proteins were concentrated as indicated in Materials and Methods. Proteins in concentrated samples were then processed for immunoblotting with antibodies
against BDNF and unphosphorylated TrkB to assess levels of loaded TrkB-Fc.

control) in the absence or presence of rapamycin. In both CX614and BDNF-treated cultures, immunostaining with antiphospho-4EBP1 was more intense in cell bodies and dendrites
than in vehicle-treated control cultures (Fig. 2a); preincubation
with rapamycin blocked both CX614- and BDNF-dependent increases in 4EBP1 phosphorylation (Fig. 2a). Similar results were
obtained when culture homogenates were processed for immunoblotting with antibodies against phospho-4EBP1 (Fig. 2b) or
phospho-p70S6K (data not shown; see also supplemental Data 2,
available at www.jneurosci.org as supplemental material); rapamycin significantly reduced CX614-induced increase in levels of
phosphorylated 4EBP1 and p70S6K. Similar results were obtained in acute hippocampal slices (data not shown). Incubation
of cultures with AMPA alone (25 M, 1 h) did not modify 4EBP1
phosphorylation but increased p70S6K phosphorylation (sup-

CX614 treatment increases BDNF release in cultured neurons
The possibility that CX614 stimulates BDNF release was assessed
using TrkB-Fc, a cell membrane-impermeable scavenger of
BDNF. TrkB-Fc application in culture medium eliminated
CX614-induced TrkB phosphorylation (Fig. 4a), suggesting that
BDNF release was involved. To further confirm this assumption,
we used TrkB-Fc in primary cultured neurons to trap released
BDNF in combination with Western blotting as indicated in Materials and Methods to quantify BDNF release (Fig. 4b). Cultured
primary neurons were preincubated with TrkB-Fc (2 g/ml, 1 h)
and incubated in the absence or presence of CX614 (10 M, 1 h).
Culture medium was collected and concentrated. Proteins in
concentrated samples were then processed for immunoblotting
with antibodies against BDNF and unphosphorylated TrkB to
assess levels of loaded TrkB-Fc. Normalized levels of BDNF were
averaged for the various replicates and expressed as fold of control. Results of this experiment showed that CX614 treatment
increased levels of TrkB-Fc-trapped BDNF by 4.07 ⫾ 0.67-fold
(means ⫾ SEM of six experiments; p ⬍ 0.001, Student’s t test).
In hippocampal neurons, BDNF secretion requires activation
of voltage-gated Ca 2⫹ channels as well as Ca 2⫹ release from internal stores (Kolarow et al., 2007). Reagents or conditions that
alter Ca 2⫹ levels were therefore also used to examine BDNF secretion in acute hippocampal slices (Fig. 5a– c). CX614-elicited
TrkB phosphorylation in acute hippocampal slices was completely blocked in the absence of extracellular Ca 2⫹ (Fig. 5a).
Ryanodine, a blocker of Ca 2⫹ release from intracellular stores
also completely eliminated CX614-stimulated TrkB activation/
phosphorylation (Fig. 5b). Finally, nifedipine, a blocker of
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effects of CX614 on ARC expression were
examined using primary neuronal cultures
treated with CX614 alone or in combination with CNQX, rapamycin, K252a,
TrkB-Fc, or actinomycin D, a transcription inhibitor. Primary cultures were also
treated with BDNF to upregulate ARC
protein levels as a positive control. CX614
and BDNF treatments elicited large increases in ARC levels, and these effects
were completely blocked by CNQX,
K252a, and actinomycin D, and significantly reduced by TrkB-Fc and rapamycin
(Fig. 7). Note however that actinomycin D
did not modify CX614-induced activation
of TrkB (Fig. 7f ).
A new assay for evaluation of dendritic
protein synthesis using a GFP proteintranslation reporter under the control of
the UTRs of CaMKII␣ has been recently
developed (Aakalu et al., 2001). Both
BDNF and CX614 rapidly (within minutes) stimulated GFP synthesis in dendrites of cultured hippocampal neurons
(Fig. 8a), and the rate of fluorescence recovery, i.e., the rate of protein synthesis,
was comparable in CX614- and BDNFtreated cultures and faster than in vehicletreated controls (Fig. 8b).
Figure 5. BDNF release mediates CX-614 activation of TrkB receptors in acute hippocampal slices. Acute hippocampal slices
were treated with CX614 (50 M) in the absence or presence of Ca 2⫹ (a), the absence or presence of ryanodine (Rya) (100 M, b),
or the absence or presence of nifedipine (Nife) (10 M, c) for 1 h. At the end of treatment, tissues were processed for immunoblotting with antibodies against total and phosphorylated TrkB, and actin [as a loading control (Cont)]. Immunoblots were
quantified and ratios of phosphorylated over total TrkB were calculated; data were then expressed as percentage of control and are
means ⫾ SEM from six independent experiments. *p ⬍ 0.01 compared with control; †p ⬍ 0.01 compared with CX614 (ANOVA
followed by Tukey’s posttest analysis).

voltage-gated Ca 2⫹ channels, markedly reduced CX614-elicited
TrkB phosphorylation (Fig. 5c).
CX614-dependent activation of protein translation
machinery is mediated by increased BDNF release
We also determined whether factors that alter BDNF release or
interfere with released BDNF could affect downstream regulators
of translation such as mTOR. CX614-dependent phosphorylation of mTOR was blocked following TrkB-Fc preincubation in
cultured primary neurons (Fig. 6a). In addition, preincubation of
primary neuronal cultures with TrkB-Fc completely prevented
CX614-dependent phosphorylation of 4EBP1 (data not shown).
CX614-stimulation of mTOR phosphorylation in acute hippocampal slices was also inhibited in the absence of extracellular
Ca 2⫹ and in the presence of ryanodine or nifedipine (Fig. 6b– d).
CX614 rapidly upregulates ARC and stimulates dendritic
protein synthesis
We then studied the effects of CX614 on activity-regulated
cytoskeleton-associated protein (ARC, also known as Arg3.1), an
immediate early gene product that is markedly and rapidly upregulated by neuronal activity and plasticity-inducing stimuli;
both ARC mRNA and protein are rapidly transported to dendrites and spines following LTP induction (Steward and Worley,
2002). ARC mRNA can also be locally translated in dendrites. The

Discussion

Positive modulators of receptors have a
number of advantages compared with receptor agonists to study the properties
of receptors. In contrast to agonists, they
do not elicit receptor desensitization,
and they only enhance the responses of receptors activated by synaptically released
neurotransmitters. CX614 is one of the
best-studied positive AMPA receptor modulators and increases
spontaneous activity in hippocampal slices for prolonged periods
of time (Lauterborn et al., 2000, 2003), as well as the amplitude
and frequency of miniature EPSPs (Arai et al., 2000). To understand the links between AMPA receptors, BDNF, and local protein synthesis, we used CX614, in cultured cortical neurons and
in acute hippocampal slices. While the cultured neuron preparation provides a better model for detailed studies of mechanisms
of action, the acute hippocampal slice preparation more closely
resembles the in vivo conditions (Paulsen and Sejnowski, 2000).
CX614 rapidly activated dendritic translational machinery and
local protein synthesis in both preparations. These findings constitute the first indication that positive modulation of AMPA
receptors leads to rapid activation/phosphorylation of mTOR
and its downstream targets, such as 4EBP1 and p70S6K, which
play important roles in local dendritic protein translation (Takei
et al., 2004). TTX blocked CX614-dependent activation of translation, suggesting that, in the presence of CX614, basal levels of
synaptic activity are sufficient to activate translation (supplemental Data 1, available at www.jneurosci.org as supplemental material). The effects of CX614 were significantly reduced or eliminated by rapamycin, further confirming the critical role of
mTOR. Previous studies have indicated activation of translation
by stimulation of metabotropic and NMDA glutamate receptors
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(Huber at al., 2000; Gong et al., 2006). In
agreement with these findings, our results
indicated that NMDA receptors are also
involved, as the NMDA receptor blockers
APV and MK801 prevented the effects of
CX614 treatment of cultured neurons on
the translation machinery (supplemental
Data 1, available at www.jneurosci.org as
supplemental material).
Another positive AMPA receptor modulator, aniracetam (1 M), also stimulated
local protein synthesis when applied in the
presence of very high AMPA concentrations (500 M) (Wu et al., 2004). In contrast to these results, our findings indicated activation of translation within
minutes of CX614 application alone.
Thus, activation of local dendritic translation can occur at basal or near-basal levels
of glutamate release in the presence of
CX614. In contrast, miniature AMPA receptor currents were proposed to exert a
tonic suppression on local dendritic protein synthesis (Sutton et al., 2006). Our
data imply the existence of previously unreported mechanisms that are rapidly induced/stimulated by ampakines and that
activate local dendritic translation at nearbasal levels of synaptic transmission.
CX614 also rapidly increased the dendritic synthesis of myristoylated GFP
(myr-GFP) and of ARC, further confirming that positive modulation of AMPA receptors leads to increased dendritic protein synthesis. Since the cDNA encoding
the myr-GFP reporter protein is inserted
between the 5⬘ and 3⬘ UTRs of CaMKII␣, Figure 6. CX614-induced BDNF release activates/phosphorylates mTOR. a, Cultured cortical neurons (DIV14) were preincuampakine treatment is likely to also result bated with TrkB-Fc (0.5 g/ml, 1 h) before being treated with CX614 (10 M, 1 h). At the end of treatment, cells were processed
in local dendritic translation of CaMKII␣. for immunoblotting with antibodies against actin and total and phosphorylated mTOR. Immunoblots were quantified and ratios
ARC synthesis was previously demon- of p-mTOR over total unphosphorylated mTOR were calculated; data were then expressed as fold of control and are means ⫾ SEM
strated to take place both in cell bodies and from six independent experiments. *p ⬍ 0.001 compared with control; †p ⬍ 0.05 compared with CX614; #not significantly
in dendrites (Bramham et al., 2008). The different from control (ANOVA followed by Tukey’s posttest analysis). b– d, Acute hippocampal slices were treated with CX614 (50
2⫹
differential effects of actinomycin D and M) in the absence or presence of Ca (b), the absence or presence of ryanodine (Ryan) (100 M, c), or the absence or presence
of
nifedipine
(Nife)
(10

M
,
d)
for
1
h.
At the end of treatment, tissues were processed for immunoblotting with antibodies against
rapamycin on CX614-mediated increase
total
and
phosphorylated
mTOR,
and
actin
(as a loading control). Immunoblots were quantified and ratios of phosphorylated over
in ARC levels suggest that both increased
total mTOR were calculated; data were then expressed as percentage of control and are means ⫾ SEM from three or four
transcription and translation contribute to
independent experiments. *p ⬍ 0.01 compared with control; #not significantly different from control; †p ⬍ 0.01 compared with
CX614-dependent upregulation of ARC. CX614-treated samples; ‡p ⬍ 0.05 compared with CX614 (ANOVA followed by Tukey’s posttest analysis).
This likely involves increased ARC synthesis in cell bodies as well as within dendrites.
BDNF protein levels (Fig. 3a). Therefore, CX614-dependent inThe effects of CX614 on protein synthesis machinery and dencrease in TrkB phosphorylation cannot involve increased BDNF
dritic protein synthesis were remarkably similar to the previously
expression, but rather increased release of BDNF and/or transacreported BDNF-induced stimulation of dendritic translation
tivation of the TrkB receptor. Together, the absence of BDNF
(Takei et al., 2004). Interestingly, acute application of CX614 also
protein upregulation and the significant reduction of TrkB phosresulted in TrkB activation, indicating that both CX614 and
phorylation with TrkB-Fc after 1 h CX614 treatment suggest that
BDNF converge on the mTOR pathway to stimulate translation.
CX614 treatment of neurons or slices rapidly induces BDNF
While such convergence could be due to the known effects of
release.
CX614 on upregulation of BDNF expression (Lauterborn et al.,
TrkB-Fc, an extracellular scavenger of BDNF, has been exten2003), CX614-induced phosphorylation of TrkB was still obsively used in several studies to block the effects of extracellular
served in the presence of a transcription inhibitor, actinomycin D
(including endogenously secreted) BDNF in acute hippocampal
(Fig. 7f ), clearly indicating that the effect of CX614 on TrkB
slice preparations (Rex et al., 2006) or during electrophysiologiphosphorylation was independent of its effect on BDNF mRNA.
cal recordings from the visual cortex (Liu et al., 2007; Kaneko et
In addition, treatment of cultured primary neurons and acute
al., 2008). Using ELISA, Lockhart et al. (2007) reported that
hippocampal slices with CX614 even up to 1 h did not increase
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AMPA concentration in the presence of
aniracetam. In addition, the use of pharmacological agents previously shown to
block BDNF release provided further evidence that CX614-mediated stimulation
of local protein synthesis was due to BDNF
release and TrkB activation (Kolarow et
al., 2007). In particular, Ca 2⫹ release from
internal stores is critical for BDNF release.
While AMPA receptors in hippocampus
are largely impermeable to Ca 2⫹ ions (Lomeli et al., 1994; Jensen et al., 1998; Carlson et al., 2000; Iizuka et al., 2000; Krampfl
et al., 2002; Kumar et al., 2002), increased
Na ⫹ influx through AMPA receptors can
lead to increased Ca 2⫹ release from intracellular stores (Hoyt et al., 1998; Zhang
and Lipton, 1999). Indeed, blocking Ca 2⫹
release from internal Ca 2⫹ stores with ryanodine inhibited CX614-induced TrkB
activation.
Ca 2⫹ increase in the cytosol can also be
due to activation of NMDA receptors,
and/or of voltage-dependent Ca 2⫹ channels (Shoshan-Barmatz et al., 1994).
NMDA receptors appeared to be implicated in the effects of CX614 on mTOR
phosphorylation, and it is possible that
NMDA receptors could also be implicated
in the effects of CX614 on BDNF release.
Future studies should examine the interaction of NMDA receptor activation and
positive modulation of AMPA receptors
on BDNF release in acute hippocampal
slices and in primary neuronal cultures.
Voltage-dependent Ca 2⫹ channels were
also required for BDNF release as eviFigure 7. BDNF mediates CX614-induced stimulation of ARC synthesis in primary neuronal cultures. Cultured cortical neurons denced by TrkB phosphorylation (Fig. 5)
were incubated in the absence or presence of CX614 (10 M) and K252a (0.5 M, a), TrkB-Fc (0.5 g/ml, b), CNQX (50 M, c), or and for activation of downstream regularapamycin (Rapa) (100 M, d) for 1 h. At the end of treatment, cells were processed for immunoblotting with antibodies against tors of translation, such as phosphorylaARC and actin (for loading control). Immunoblots were quantified and corrected ARC levels were calculated; data were then tion of mTOR (Fig. 6); absence and chelaexpressed as fold of control and are means ⫾ SEM from six independent experiments. *p ⬍ 0.01, **p ⬍ 0.001 compared with tion of extracellular Ca 2⫹ or presence of
control; †p ⬍ 0.01 compared with CX614 (ANOVA followed by Tukey’s posttest analysis). Cultured cortical neurons were incu- nifedipine completely prevented CX614bated in the absence or presence of BDNF (50 ng/ml) and K252a (0.5 M) (e). At the end of treatment, cells were processed for
dependent TrkB phosphorylation, withimmunoblotting with antibodies against ARC and actin (for loading control). Immunoblots were quantified and corrected ARC
out affecting basal levels of TrkB phoslevels were calculated; data were then expressed as fold of control and are means ⫾ SEM from six independent experiments.
**p ⬍ 0.001 compared with control; †p ⬍ 0.01 compared with CX614 (ANOVA followed by Tukey’s posttest analysis). f, Cultured phorylation. Therefore, our findings
cortical neurons incubated in the absence or presence of CX614 (10 M) and actinomycin D (Act D) (10 M) for 1 h. At the end of indicate that both intracellular and extra2⫹
is involved in CX614treatment, cells were processed for immunoblotting with antibodies against ARC, total and phosphorylated TrkB, and actin (for cellular Ca
loading control; data not shown). Immunoblots were quantified and corrected ARC levels and ratios of phosphorylated over total dependent phosphorylation of TrkB; these
TrkB were calculated; quantification of the blots from six independent experiments indicated that the effects of CX614 were highly results are therefore in good agreement
significant, and the effects of CX614 on ARC but not on phospho-TrkB were significantly reduced by actinomycin D. Cont, Control. with those of Kolarow et al. (2007).
While other mechanisms could conBDNF release remained below detection threshold after 5 h treattribute to CX614 upregulation of translation such as TrkB transment with a different AMPA receptor modulator (S 18986). In
activation, and activity-dependent membrane insertion of TrkB,
contrast, our results indicated a robust CX614-dependent upour results with TrkB-Fc strongly argue against this. The similar
regulation of BDNF release. Therefore, our results provide direct
profiles of reporter translation with CX614 and BDNF treatments
and conclusive evidence that acute CX614 treatment increases
imply that it is less likely that CX614 stimulates translation of
BDNF release and that extracellular BDNF stimulates TrkB phosBDNF mRNA rapidly enough (within minutes) for BDNF to be
phorylation and activates downstream regulators of dendritic
synthesized, packaged within vesicles, and released as mature
protein translation.
BDNF. Although this cannot be ruled out completely, we propose
Our results are thus in good agreement with those of Wu et al.
that CX614’s effects on local protein synthesis are due to the
(2004), who also observed rapid increase in BDNF release in
release of a pool of preexisting BDNF.
cultured cerebellar granule cells following treatment with a high
LTP and LTD have been implicated in synaptic plasticity and
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plasticity. Furthermore, our results could account, at least in part,
for the effects of positive AMPA receptor modulators on facilitation of LTP and improved learning and memory, and further
justify the clinical development of these molecules for treatment
of diseases associated with cognitive impairment.
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