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Brain-derived neurotrophic factor enhances the
expression of the monocarboxylate transporter 2
through translational activation in mouse cultured

cortical neurons

Camille Robinet and Luc Pellerin

Department of Physiology, University of Lausanne, Lausanne, Switzerland

MCT2 is the predominant neuronal monocarboxylate transporter allowing lactate use as an
alternative energy substrate. It is suggested that MCT2 is upregulated to meet enhanced energy
demands after modifications in synaptic transmission. Brain-derived neurotrophic factor (BDNF), a
promoter of synaptic plasticity, significantly increased MCT2 protein expression in cultured cortical
neurons (as shown by immunocytochemistry and western blot) through a translational regulation at
the synaptic level. Brain-derived neurotrophic factor can cause translational activation through
different signaling pathways. Western blot analyses showed that p44/p42 mitogen-activated protein
kinase (MAPK), Akt, and S6 were strongly phosphorylated on BDNF treatment. To determine by
which signal transduction pathway(s) BDNF mediates its upregulation of MCT2 protein expression,
the effect of specific inhibitors for p38 MAPK, phosphoinositide 3-kinase (PI3K), mammalian target
of rapamycin (mTOR), mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
kinase (ERK) kinase (MEK), p44/p42 MAPK (ERK), and Janus kinase 2 (JAK2) was evaluated. It
could be observed that the BDNF-induced increase in MCT2 protein expression was almost
completely blocked by all inhibitors, except for JAK2. These data indicate that BDNF induces an
increase in neuronal MCT2 protein expression by a mechanism involving a concomitant stimulation
of PI3BK/Akt/mTOR/S6, p38 MAPK, and p44/p42 MAPK. Moreover, our observations suggest that
changes in MCT2 expression could participate in the process of synaptic plasticity induced by BDNF.
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Introduction

Brain-derived neurotrophic factor (BDNF) is a widely
expressed neurotrophin in the central nervous
system (Skup, 1994). Acting through specific
tyrosine kinase receptors, BDNF affects neuronal
survival, differentiation, and synaptic plasticity after
the activation of multiple intracellular signal trans-
duction mechanisms, such as phosphoinositide
3-kinase (PI3K)/Akt and mitogen-activated protein
kinase (MAPK) signaling pathways (Bramham and
Messaoudi, 2005). Presynaptically, BDNF potentiates
depolarization-evoked Ca**-dependent glutamate
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release while causing direct glutamate release through
Ca?* mobilization from Ins(1,4,5)P,-sensitive stores,
whereas the postsynaptic actions of BDNF include
changes in glutamate receptor phosphorylation,
subcellular localization and synthesis, and local
alterations in protein synthesis, as well as long-term
changes in gene expression (Carvalho et al, 2008).
These effects of BDNF contribute not only to
synaptic plasticity but also to modifications in spine
density and morphology (Carvalho et al, 2008).
However, one aspect that has not been explored in
the context of synaptic plasticity concerns putative
changes in neuroenergetics. Indeed, it is likely that
as a consequence of alterations in synaptic efficacy,
the supply of energy substrates must be adapted to
meet the energy needs imposed by new levels of
synaptic response.

In recent years, the role of monocarboxylates such
as lactate as additional energy substrates for neurons
has attracted increasing attention (Pellerin, 2003),
raising interest for the identification of specific
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transporters in the central nervous system. MCT2
was shown to be the predominant monocarboxylate
transporter expressed by neurons (Pierre et al, 2002).
It belongs to a family of proton-linked carriers
involved in the transport of lactate, pyruvate, and
ketone bodies (Garcia et al, 1994, 1995). MCT2
immunoreactivity was found to be abundant in the
neuronal processes of various brain regions, includ-
ing the cortex, hippocampus, and cerebellum (Ber-
gersen et al, 2002; Pierre et al, 2002). At the
subcellular level, MCT2 is expressed on axons and
dendrites (Pierre et al, 2002, 2009). Moreover, MCT2
is present at glutamatergic synapses and exclusively
on postsynaptic elements (Bergersen et al, 2002,
2005; Pierre et al, 2009). It is particularly enriched in
the postsynaptic density as well as in an intracellular
pool within the spines (Bergersen et al, 2005). Recent
observations have shown that MCT2 expression can
be regulated in cultured neurons. Thus, it was found
that noradrenaline, insulin, and insulin-like growth
factor-1 (IGF-1) increase MCT2 protein expression in
neurons through a translational mechanism (Chenal
and Pellerin, 2007; Chenal et al, 2008). Interestingly,
each of these neuroactive substances is known to
induce long-term changes in synaptic transmission
(Kobayashi and Yasoshima, 2001; Trejo et al, 2007;
van der Heide et al, 2006). Therefore, it became of
interest to investigate whether BDNF could regulate
MCT2 expression in cultured neurons and to
characterize the signal transduction pathways
involved in this effect. In addition, the nature of
the mechanism (transcriptional or translational) by
which MCT2 expression is regulated by BDNF has
been investigated.

Materials and methods
Neuronal Cultures and Pharmacological Treatments

Primary cultures of mouse cortical neurons were
prepared from embryonic day 17 OF1 mice (Charles
River, Lyon, France). As described previously
(Debernardi et al, 2003), after decapitation and brain
dissection, cortices were mechanically dissociated
in phosphate-buffered saline (PBS) supplemented
with glucose (NaCl, 150 mmol/L; KCl, 3 mmol/L;
KH,PO,, 1.5 mmol/L; Na,HPO,, 7.9 mmol/L; glucose,
33mmol/L; penicillin, 0.006g/L; streptomycin,
0.1g/L; pH 7.4). Cells were plated on poly
L-ornithine (15 mg/L)-precoated dishes and cultured
in neurobasal-B27 medium (Brewer et al, 1993)
supplemented with 0.5 mmol/L L-glutamine. All
experiments were carried out on day 7 in vitro. At
this stage, cultures contained <5% of glial cells
(Debernardi et al, 2003). Neuronal treatments with
pharmacological agents were carried out without
changing the medium before or during the incuba-
tion time. Brain-derived neurotrophic factor (CYT-
207; Brunschwig, Basel, Switzerland) was added
directly into the culture medium at various concen-
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trations and cells were incubated for the indicated
times. Rapamycin, 20ng/mL (mammalian target of
rapamycin (mTOR) inhibitor), SB202190 HCI,
10 ymol/L and SB203580 HCI, 10 umol/L (p38 MAPK
inhibitors), LY294002, 10 umol/L (PI3K inhibitor),
PD98059, 50umol/L. (MAPK/ERK kinase (MEK
inhibitor), UO126, 10 umol/L (p44/p42 MAPK (ERK,
extracellular signal-regulated kinase) inhibitor), and
AG490 25 umol/L (JAK2 (Janus kinase 2) inhibitor)
were added directly to the medium 30mins before
BDNF. All these inhibitors were purchased from
Alexis Biochemicals (Lausen, Switzerland), except
LY294002 (L9908; Sigma, Buchs, Switzerland) and
SB203580 (S8307; Sigma). Transcription and transla-
tion inhibitors (5 pmol/L actinomycin D (ActD) and
10 umol/L cycloheximide, respectively) were added
30mins before pharmacological agents. All other
chemicals were purchased from Sigma. Data repre-
sent mean ts.e.m. of ‘n’ determinations, which are
independent measurements (from different culture
plates) obtained from at least three separate neuronal
cultures.

Immunocytochemistry and Related Quantification

After removal of the culture medium, cells were
carefully rinsed in PBS at 37°C and directly postfixed
in an ice-cold paraformaldehyde fixative (4% in PBS
for 30 mins at 20°C). Fixed cells were treated with
casein (0.5% in PBS) for 1h at room temperature to
block nonspecific sites. For immunostaining, cul-
tures were incubated overnight at 4°C in 50 uL of
freshly prepared MCT2 antibody solution (anti-
MCT2 diluted 1:500 in PBS containing 0.25% bovine
serum albumin) (Pierre et al, 2000). After carefully
rinsing in PBS, cultures were incubated in a solution
containing Cy3-conjugated anti-rabbit Igs (diluted
1:500 for 2h at room temperature; Jackson Immuno-
research, Baltimore, MD, USA). After rinsing in
PBS twice and a final rinsing in water, coverslips
were mounted with Vectashield (Reactolab SA,
Burlingame, CA, USA). Coverslips were examined
and photographed with an Axioplan2 microscope
(Zeiss, Hallbergmoos, Germany) using epifluores-
cence with an appropriate filter.

To quantitatively assess the influence of different
treatments on MCT2 protein expression, a quantita-
tive analysis of images obtained by epifluorescence
with a x 20 objective and acquired using a cooled
CCD camera (Axiocam, Zeiss), together with the 4.6
Axiovision software (Zeiss) was carried out. Three
fields were chosen randomly on each coverslip; they
contained at least 20 MCT2-labeled neurons per
field. All pictures were acquired and presented as
different levels of gray with identical acquisition
time for all. Pictures were then analyzed using NIH
software (National Institutes of Health Image pro-
gram, version 1.62, Rockville Pike, MD, USA). The
fluorescence intensity of eight isolated cells taken
randomly in each of the three captured areas was
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assessed. The average fluorescence intensity repre-
senting neuronal MCT2 expression was obtained by
calculating the average of 24 measurements per
coverslip. Measurements were obtained in a blinded
manner with the investigator unaware of the culture
treatments. Mean and s.e.m. for a particular condi-
tion were calculated from average fluorescence
intensity values of distinct coverslips representing
independent determinations (numbers indicated on
each bar of the graph). Data were statistically analyzed
with an ANOVA (analysis of variance), followed by
Dunnett’s or Bonferroni’s test.

Western Blot and Related Quantification

Neurons in each culture dish were homogenized in
50 uL. of buffer containing the following: Tris-HCI, pH
6.8, 20 mmol/L; sucrose, 0.27 mol/L; EGTA (ethylene
glycol tetraacetic acid), 1mmol/L; EDTA (ethylene
diamine tetraacetic acid), 1 mmol/L; NaF, 50 mmol/L;
Triton X-100, 1%; f-glycerophosphate, 10 mmol/L;
DTT (dithiothreitol), 10 mmol/L; 4-nitrophenylpho-
sphate, 10mmol/L; and a mixture of protease
inhibitors (Complete, Roche Molecular Biochem-
icals, Mannheim, Germany). Each stimulated condi-
tion was examined in duplicate and the contents of
the two Petri dishes were pooled. Protein samples
were sonicated and heated at 95°C for 5 mins in half
the final volume of SDS-PAGE sample buffer (Tris-
HCl, 62.5mmol/L; DTT, 50 mmol/L; SDS, 2%; gly-
cerol, 10%; and bromophenol blue, 0.1%). Samples
were loaded onto polyacrylamide gels composed of
a 10% or 6% acrylamide-bisacrylamide running
gel and a 4.5% acrylamide-bisacrylamide stacking
gel. After electrophoresis, proteins were transferred
onto nitrocellulose membranes (Trans-Blot Transfer
Medium 162-0115; Bio-Rad, Reinach, Switzerland)
using a Transblot semi-dry transfer cell (Bio-Rad).
For protein detection, membranes were incubated in
a blocking solution of Tris-buffered saline supple-
mented with Tween-20 (TBST; Tris-HCl, pH 7.5,
50 mmol/L; NaCl, 150 mmol/L; and Tween-20, 0.1%)
containing 5% nonfat milk for 1h at room tempera-
ture. Membranes were incubated overnight at 4°C
with the antiphospho-serine/threonine protein ki-
nase from AKT virus (Akt)-Ser473 (1:700), antipho-
spho-p44/p42 MAPK-Thr202/Tyr204 (both 1:1,000),
antiphospho-mTOR-Ser1448 (1:1,000), anti-mTOR
(1:1,000), antiphospho-S6-Ser235/236 ribosomal pro-
tein (1:1,000), and anti-f-actin (A5441; Sigma). All
primary antibodies were purchased from Cell Signal-
ling (BioConcept, Allschwil, Switzerland), except
anti-f-actin (A5441; Sigma). After three washes in
TBST, membranes were incubated with the second-
ary antibodies Alexa Fluor 680 goat anti-IgG (Juro,
Lucerne, Switzerland) and IRDye 800 goat anti-
mouse IgG (BioConcept), diluted at 1:5,000 in TBST
containing 1% nonfat milk, for 2h at room tempera-
ture, and protected from light. After three washes in
TBST, membranes were scanned using the Odyssey
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Infrared Imaging System (LI-COR Biosciences,
Lincoln, NE, USA), which permits detection and
quantification of proteins of interest. f-Actin,
revealed in green, was used for normalization and
the proteins of interest were revealed in red. As
phospho-mTOR has a very high molecular weight
(289 kDa), actin was not visible on the same gel. To
normalize western blots for phospho-mTOR, samples
were loaded in duplicate onto a 6% running gel
and proteins were transferred onto a nitrocellulose
membrane using a 10% methanol transfer buffer. The
membrane was then cut into two identical pieces and
probed either with the phospho-mTOR antibody
(1:1,000) or with the mTOR antibody (1:1,000). Thus,
quantifications were performed on samples resolved
on the same gel and transferred onto the same
membrane, and normalization was conducted
against mTOR (instead of f-actin). The remaining of
the procedure was unchanged.

Quantitative Real-Time Reverse Transcriptase-PCR

Quantitative determination of MCT2 mRNA expres-
sion levels was performed by quantitative reverse
transcriptase-PCR according to Heid et al (1996)
using an ABI Prism 7000 sequence detection system
from Applied Biosystems (Rotkreuz, Switzerland). The
following sets of oligonucleotides were used: 5 —3';
ActinFo, GCTTCTTTGCAGCTCCTTCGT; ActinRe, AT
ATCGTCATCCATGGCGAAC (Embl: X03672); MCT2Fo,
CAGCAACAGCGTGATAGAGCTT;, MCT2Re, TGGTTG
CAGGTTGAATGCTAAT (Embl: NM_011391); NPYFo,
ACCAGACAGAGATATGGCAAGAGA; NPYRe, GGCGT
TTTCTGTGC (produced by Microsynth, Balgach,
Switzerland).

Preparation and Stimulation of Synaptoneurosomes

Synaptoneurosomes were prepared from the fore-
brains of 8- to 14-day-old mice pups (10 to 15 pups
per preparation) according to a previously published
protocol (Rao and Steward (1991), as modified by
Schratt et al (2004)). Briefly, the total forebrains were
dissected in 20mL of homogenization buffer
(0.32mol/L sucrose, 0.1 mmol/L EDTA, 0.25 mmol/L
DTT, and 3mmol/L. HEPES, pH 7.4) and disrupted
using a Teflon-coated Dounce-Potter homogenizer
(B. Braun, Crissier, Switzerland) by eight up-
and-down strokes. Nuclei and cell debris were
pelleted by 2mins of centrifugation at 2,000g. The
supernatant was collected and centrifuged for an
additional 10mins at 14,000g to pellet a crude
synaptoneurosome-containing fraction (P2). The
pellet was then brought up to 8mL total volume
(with a solution of 0.32 mol/L sucrose and 1 mmol/L
NaHCO;). This suspension (4 x 2mL) was layered
onto three different discontinuous sucrose gradients
(0.85, 1, 1.2 mmol/L) that had been equilibrated at 4°C
for 1h. The gradient was centrifuged at 45,000g for
45mins in a Gentrikon T-1075 ultracentrifuge using a



SW 41.14Ti swinging bucket rotor. Synaptoneurosomes
were collected from the 1/1.2 mol/L interface (500 uL for
2mL of P2), washed twice in 1 x PBS (in a 2-mL tube),
with a centrifugation at 7,000g for 2mins. Synapto-
neurosomes were resuspended in 500 uL. of synapto-
neurosome incubation buffer (10 mmol/L Tris, pH 7.5,
2.2mmol/L. CaCl,, 0.5mmol/L. Na,HPO,, 0.4 mmol/L
KH,PO,, 4mmol/l. NaHCO,, and 80mmol/L. NaCl).
Synaptoneurosomes were centrifuged at 7,000g for
2mins, the supernatant was discarded, and synapto-
neurosomes in the lower fraction were either used
immediately or stored at —80°C. No significant differ-
ences were observed between results from freshly
prepared or frozen synaptosomes such that results were
pooled. Enrichment of the synaptosomal fraction was
controlled by performing western blotting for the
postsynaptic protein PSD-95 (data not shown).

The synaptoneurosome pellet was thawed on ice
for 30mins and diluted in a prewarmed (37°C)
synaptoneurosome incubation buffer containing
a mixture of antiproteases (Complete 11257000;
Roche Molecular Biochemicals) to yield a protein
concentration between 2 and 9mg/mL. Synapto-
neurosome samples (100 uL) were exposed to either
ActD (5umol/L) or cycloheximide (10pmol/L)
for 30mins before application of 100 ng/mL. BDNF
for 6h. The reaction was stopped by adding 20 uL
of SDS buffer (5x), and samples were boiled for
5mins and served as starting material for western
blotting.

Results

Effect of Brain-Derived Neurotrophic Factor on MCT2
Protein Expression in Cultured Neurons

To assess the effect of BDNF on neuronal MCT2
protein expression, cultured cortical neurons were
treated with BDNF for 6h at various concentra-
tions up to 100 ng/mL. Experiments conducted with
BDNF concentrations of 10, 50, and 100ng/mL
followed by immunocytochemistry led to a striking
enhancement of fluorescence intensity correspon-
ding to higher levels of MCT2 immunoreactivity (IR)
at 100ng/mL (Figure 1A). Western blot analysis
showed that the maximal increase of MCT2 expres-
sion was found with 100ng/mL. At lower concen-
trations, MCT2 expression had a tendency to
be increased, but the effect was not significant
statistically (Figure 1B).

Changes in the levels of MCT2 IR induced by
BDNF were also studied as a function of time (1, 6,
12, and 24 h). It was observed that 100 ng/mL BDNF
caused a 40% increase in MCT2 IR 6h after the
beginning of the treatment that remained elevated at
12 and 24h (Figure 2A). Western blot analysis
showed that the increase of MCT2 expression was
already found significant as early as after 1h of
BDNF stimulation (100ng/mL) and that this signifi-
cant increase was still present up to 24 h (Figure 2B).
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Figure 1 Concentration-dependent effect of BDNF on MCT2
expression in primary cultures of mouse cortical neurons.
(A) Immunocytochemical stainings for MCT2 in untreated
cultures (Ctrl) and in cultures treated with BDNF for 6h
at different concentrations. (B) Western blot analysis of MCT2
expression in primary cultures of mouse cortical neurons trea-
ted with BDNF for 6 h at various concentrations up to 100 ng/mL.
Western blots were quantified using Odyssey software
(LI-COR Biosciences, Lincoln, NE, USA). Results were ex-
pressed as percentage of control after the values were normal-
ized using f-actin signal as the reference. Statistical analy-
sis was performed using ANOVA followed by Dunnett's test.
** indicates MCT2 protein levels significantly different from
control with P < 0.01. Numbers in the graph bars represent the
number of independent experiments for each condition.

The effect of BDNF was found to be as robust as the
previously described effect of noradrenaline
(100 umol/L) on MCT2 expression after 6 h of treat-
ment (Figure 2C).
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Figure 2 Time course of the effect of BDNF on MCT2 protein expression in primary cultures of mouse cortical neurons. (A) MCT2 IR
and related quantification of primary cultures of mouse cortical neurons treated with BDNF at a final concentration of 100 ng/mL for
various periods of time up to 24 h (1, 6, 12, and 24 h). Left panels represent immunocytochemical stainings for MCT2 in untreated
cultures (Ctrl) or cultures treated with BDNF for 6 h. The bar graph represents the quantitative determination of fluorescence intensity
corresponding to MCT2 IR in cultured neurons treated with BDNF for various periods of time up to 24 h. Results are expressed as
percentage of control fluorescence intensity and are represented as the mean +s.e.m. of independent determinations (numbers
indicated on bars) from four distinct experiments. The value of fluorescence intensity for each determination represents the average
level from 24 cells on the same coverslip. (B and C) Western blot analysis of MCT2 protein expression in cultures of mouse cortical
neurons treated with BDNF 100 ng/mL or noradrenaline 100 umol/L (NA 6 h) for the indicated times as compared with untreated
cells (Ctrl). Western blots were quantified using Odyssey software (LI-COR Biosciences, Lincoln, NE, USA). Results are expressed as
percentage of control (mean £ s.e.m.) after the values had been normalized using f-actin signal as the reference. Statistical analysis
was performed using ANOVA followed by Dunnett's test. *P <0.05, **P < 0.01, ***P < 0.001 versus control (Ctrl) for MCT2
protein levels. Numbers in the graph bars represent the number of independent experiments for each condition.

Putative Involvement of Distinct Signal Transduction five different inhibitors (LY294002, a specific PI3K
Pathways in Brain-Derived Neurotrophic inhibitor; rapamycin, a specific mTOR inhibitor;
Factor-Induced MCT2 Expression PD98058, a specific MEK inhibitor; SB202190, a

specific p38 MAPK inhibitor; and AG490, a specific
Involvement of specific signal transduction mechan- JAK2 inhibitor) 30 mins before the addition of BDNF
isms involved in the effect of BDNF on MCT2 (100ng/mL) for 6h. The six panels on the left of
expression was investigated with a series of inhibi- Figure 3A show that a 30-min pretreatment of
tors. Cultured cortical neurons were pretreated with cultured mouse cortical neurons with LY294002
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(10 umol/L), rapamycin (20ng/mL), PD98058
(50 yumol/L), or SB202190 (10 umol/L) blocked the
BDNF-induced increase in MCT2 IR after 6h of
treatment. In contrast, AG490 (25 umol/L) had no
effect (not shown). The quantification of MCT2 IR
shows that all inhibitors (with the exception of
AG490) prevented the induction of MCT2 protein
expression by BDNF, reducing the overall expression
by ~40% (Figure 3A). Similar results were ob-
tained by western blot, confirming the MCT2 IR data
(Figure 3B).

The effect of all five inhibitors alone (without
posttreatment with BDNF) was tested previously on
cultured cortical neurons and no change in MCT2 IR
was observed compared with the control condition
(data not shown). To further validate our observa-
tions, two more inhibitors were tested for their effect
on BDNF-induced MCT2 expression (UO126, a
specific p44/p42 MAPK inhibitor, and SB203580,
another specific p38 MAPK inhibitor). Cultured
cortical neurons were pretreated with U0O126
(10 umol/L) and SB203580 (10umol/L) 30mins
before the addition of BDNF (100ng/mL) for 6h.
Western blot analysis shows that UO126 and
SB203580 significantly reduced MCT2 protein
expression induced by BDNF (Figure 3C).

Activation by Brain-Derived Neurotrophic Factor of
the Different Signal Transduction Pathways Implicated
in MCT2 Upregulation

It became necessary to assess the effect of BDNF on
each signal transduction pathway putatively impli-
cated in MCT2 upregulation and to verify the
efficacy of each inhibitor used. Cultured cortical
neurons were treated with BDNF (100ng/mL) for
three time periods (5 mins, 30 mins, and 1 h). First, to
evaluate the activation of the PI3K/Akt/mTOR/S6
pathway, the phosphorylation levels of Akt on
Ser473, mTOR on Ser2448, and S6 ribosomal protein
on Ser235/236 were determined by western blot.
Brain-derived neurotrophic factor induced the
phosphorylation of Akt after 5mins of treatment
(Figure 4A). The level of phosphorylation was
increased by ~300% above control (set at 100%)
after 5mins of treatment. Maximal activation was
reached after 30 mins. Phosphorylation of Akt was
sustained for 1h of BDNF treatment. To obtain the
confirmation that Akt signaling can be inhibited in a
manner similar to MCT2 upregulation, cultured
cortical neurons were pretreated with 10 umol/L
LY294002 for 30 mins before the addition of BDNF
(100 ng/mL) for 5mins, 30mins, and 1h. Indeed,
LY294002 pretreatment prevented the phosphoryla-
tion of Akt induced by BDNF in cultured cortical
neurons (Figure 4A).

Activation of mTOR by BDNF treatment was
investigated by monitoring its level of phosphoryla-
tion. Brain-derived neurotrophic factor induced the
phosphorylation of mTOR within 5mins after the
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beginning of the treatment (Figure 4B). Phosphoryla-
tion of mTOR was further increased by more than
50% above the control level after 1h of BDNF
treatment. To determine whether mTOR activation
can be prevented in the same manner as MCT2
upregulation, cultured cortical neurons were
pretreated with 20ng/mL rapamycin for 30mins
before adding BDNF (100 ng/mL) for 5 mins, 30 mins,
and 1h. Rapamycin pretreatment completely
prevented the phosphorylation of mTOR induced
by BDNF in cultured cortical neurons at 30 mins
(Figure 4B).

S6 phosphorylation represents one of the late steps
in the activation of the PI3K/Akt/mTOR/S6 pathway.
Phosphorylation levels of S6 were assessed after
BDNF treatment. Brain-derived neurotrophic factor
induced the phosphorylation of S6 within 5mins
after the beginning of the treatment (80% above
control; Figure 4C). Maximal activation was reached
after 1h with an increase of 350% above control. As
the S6 protein is known to be a downstream effector
of the Akt/mTOR signaling pathway, cultured cor-
tical neurons were pretreated with 20ng/mL rapa-
mycin (inhibitor of mTOR) for 30mins before the
addition of BDNF for 5mins, 30 mins, and 1h. It was
observed that rapamycin pretreatment completely
prevented the phosphorylation of S6 ribosomal
protein induced by BDNF in cultured cortical
neurons (Figure 4C).

Mitogen-activated protein kinase activation is
purported to be involved in the effect of BDNF on
MCT?2 expression. Phosphorylation levels of p44 and
p42 MAPK (phospho-ERK) on Thr202/Tyr204 were
determined by western blot after treatment of
cultured cortical neurons with BDNF (100 ng/mL)
for three different time periods (5 mins, 30 mins, and
1h). Brain-derived neurotrophic factor induced the
phosphorylation of p44 and p42 MAPK after 5 mins
of treatment (Figure 5A). The level of phosphoryla-
tion was increased by more than 500% (for both p44
and p42) above control (set at 100%) at that time.
Phosphorylation of p44 and p42 MAPK was sus-
tained for 1h of BDNF treatment. To ascertain
whether MAPK activation can be prevented similar
to MCT2 upregulation, cultured cortical neurons
were pretreated with 50 umol/L PD98059 for 30 mins
before the addition of BDNF (100 ng/mL) for 5 mins,
30mins, and 1 h. As expected, PD98059 pretreatment
attenuated the phosphorylation of p44 and p42
MAPK induced by BDNF in cultured -cortical
neurons (Figure 5A).

Activation of p38 MAPK is another possible
signaling mechanism involved in BDNF-induced
MCT2 upregulation. Phosphorylation levels of p38
MAPK on Thr180/Tyr182 were determined by wes-
tern blot. Brain-derived neurotrophic factor induced
the phosphorylation of p38 MAPK that reached a
maximum after 1h with an increase of ~150% above
control (set at 100%; Figure 5B). To investigate
whether p38 MAPK activation can be prevented
using the inhibitor previously used, cultured cortical
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Figure 3 Effect of different signaling pathway inhibitors on BDNF-stimulated MCT2 expression in primary cultures of mouse cortical
neurons. Primary cultures of mouse cortical neurons were pretreated for 30 mins with specific signaling pathway inhibitors
(PD98095, 50 umol/L (PD); SB202190, 10 umol/L (SB,); LY294002, 10 umol/L (LY); rapamycin, 20 ng/mL (Rap); AG490
25 umol/L (AG); UO126, 10 umol/L (UO); SB203580, 10 umol/L (SB,)) before stimulation with BDNF 100 ng/mL for 6 h (BDNF
6h). (A) Left panels represent immunocytochemical stainings for MCT2 in untreated cells (Ctrl), cultures treated with BDNF alone for
6 h (BDNF), or pretreated for 30 mins with each inhibitor (LY, Rap, PD, SB,) before the addition of BDNF. The bar graph represents
the quantitative determination of fluorescence intensity corresponding to MCT2 IR in cultured neurons treated with the specific
signaling pathway inhibitors followed by exposure to BDNF for 6 h. Results are expressed as percentage of control fluorescence
intensity and represent the mean + s.e.m. of independent determinations (numbers indicated on bars) from four distinct experiments.
The value of fluorescence intensity for each determination represents the average level from 24 cells on the same coverslip. (B and C)
Western blot analysis of MCT2 expression in cultures of mouse cortical neurons treated with specific signaling pathway inhibitors ( +
LY, Rap, PD, SB., AG, UO, SB,) before stimulation with BDNF 100 ng/mL for 6 h (BDNF 6 h). Western blots were quantified using
Odyssey software (LI-COR Biosciences, Lincoln, NE, USA). Results are expressed as percentage of control (mean +s.e.m.) after the
values had been normalized using f-actin signal as the reference. Statistical analysis was performed using ANOVA followed by
Bonferroni's test. *P < 0.05, **P < 0.01 versus control (Ctrl). #P < 0.05 versus 6 h BDNF treatment. Numbers in the graph bars
represent the number of independent experiments for each condition.

neurons were pretreated with 10 yumol/L SB202190 was found to prevent phosphorylation of p38 MAPK
for 30 mins before the addition of BDNF (100ng/mL) induced by BDNF in cultured cortical neurons
for 5mins, 30 mins, and 1h. SB202190 pretreatment (Figure 5B).
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Figure 4 Effect of BDNF on the phosphorylation levels of Akt, mTOR, and S6 in cultured mouse cortical neurons. Western blot
analysis of phospho-Akt (A), phospho-mTOR (B), and phospho-S6 (C) levels in cultures of mouse cortical neurons treated with BDNF
100 ng/mL for the indicated times as compared with untreated cells (ctrl). (Panel A) LY294002, a specific PI3K inhibitor, was added
to the culture medium at the concentration of 10 umol/L, 30 mins before incubation with BDNF 100 ng/mL during 5 mins, 30 mins,
and 1 h. Western blots were quantified using Odyssey software (LI-COR Biosciences, Lincoln, NE, USA). Results are expressed as
percentage of control after the values had been normalized using f-actin signal as the reference. (Panels B and C) Rapamycin, a
specific mTOR inhibitor, was added to the culture medium at a concentration of 20 ng/mL, 30 mins before incubation with BDNF
100 ng/mL. Results are expressed as percentage of control after the values had been normalized using either $-actin signal (panel C)
or mTOR signal (panel B) as the reference. Statistical analysis was performed using ANOVA followed by Bonferroni's test. **, ***
indicates phospho-Akt, phospho-mTOR, or phospho-S6 protein levels significantly different from control with P < 0.01, P < 0.001
respectively. # ## ### indicates phospho-Akt, phospho-mTOR, or phospho-S6 protein levels significantly different from the BDNF-
treated condition with P <0.05, P<0.01, and P <0.001, respectively. Numbers in the graph bars represent the number of
independent experiments for each condition.

Brain-Derived Neurotrophic Factor Enhances MCT2 various time points up to 24 h. Figure 6A shows that

Expression by a Translational Mechanism

The effect of BDNF on MCT2 mRNA expression was
investigated by quantitative reverse transcriptase-
PCR on total RNA from mouse cortical neurons.
Neurons were treated with BDNF (100ng/mL) for

BDNF exerted no enhancing effect on MCT2 mRNA
levels at any time point, whereas NPY mRNA levels
(a peptide known to be transcriptionally regulated)
showed a significant increase after 12 and 24h. A
small but significant decrease in MCT2 mRNA levels
was observed at 3h. To ascertain whether the effect
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Figure 5 Effect of BDNF on the phosphorylation levels of ERK
and p38 MAPK in cultured mouse cortical neurons. Western blot
analysis of phospho-ERK (A) and phospho-p38 MAPK (B) levels
in cultures of mouse cortical neurons treated with BDNF 100 ng/
mL for the indicated times as compared with untreated cells
(ctrl). (Panel A) PD98058, a specific MEK inhibitor, was added
to the culture medium at a concentration of 50 umol/L, 30 mins
before incubation with BDNF 100ng/mL during 5mins,
30mins, and 1 h. (Panel B) SB202190, a specific p38 MAPK
inhibitor, was added to the culture medium at a concentration of
10 umol/L, 30 mins before incubation with BDNF 100 ng/mL.
Western blots were quantified using Odyssey software (LI-COR
Biosciences, Lincoln, NE, USA). Results are expressed as
percentage of control after the values had been normalized
using f-actin signal as reference. Statistical analysis was
performed using ANOVA followed by Bonferroni's test. ***
indicates phospho-ERK or phospho-p38 MAPK levels signifi-
cantly different from control with P < 0.001. ## ### indicates
phospho-ERK or phospho-p38 MAPK levels significantly differ-
ent from BDNF-treated condition with P < 0.01 and P < 0.001,
respectively. Numbers in the graph bars represent the number of
independent experiments for each condition.
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of BDNF on MCT2 expression requires the activation
of translation but not of transcription, cultured
neurons were treated with inhibitors for these two
processes. Application of cycloheximide (10 ymol/L),
a protein synthesis inhibitor, 30 mins before BDNF
stimulation (100ng/mL), prevented the enhance-
ment of MCT2 protein expression (Figure 6B). Quite
unexpectedly, the mRNA synthesis inhibitor ActD
(5 umol/L) also blocked the effect of BDNF on MCT2
protein expression. To determine whether the enhan-
cement in MCT2 protein synthesis occurs at the
synaptic level and requires transcriptional activation,
an experiment was conducted on synaptoneuroso-
mes (Figure 6C). Brain-derived neurotrophic factor
(100ng/mL) induced an increase in MCT2 protein
expression after 6h in this preparation. The effect of
BDNF was prevented by cycloheximide (10 ymol/L) but
not by ActD (5 pmol/L).

Discussion

In recent years, BDNF has emerged as a major
regulator of synaptic transmission and plasticity at
adult synapses in many regions of the central
nervous system (Bramham and Messaoudi, 2005).
Among the mechanisms subserving synaptic plasti-
city, enhancement of localized protein synthesis
constitutes a critical process for long-term adaptation
of synaptic efficacy. Brain-derived neurotrophic
factor is one of the major activity-dependent mod-
ulators of dendritic protein synthesis and it is known
to activate specific components of the translational
machinery in neurons (Bramham and Messaoudi,
2005; Steward and Schuman, 2003). Previously, it
has been shown that the rapid induction of protein
synthesis by BDNF is mediated both through the
PI3K pathway, as it involves the activation of PI3K
and mTOR (Bramham and Messaoudi, 2005; Schratt
et al, 2004; Yoshii and Constantine-Paton, 2007), as
well as through the MAPK signaling pathway
(Kelleher et al, 2004). Interestingly, BDNF was
shown in this study to enhance MCT2 protein
expression in cultured cortical neurons through a
stimulation of translation. This is supported by the
observations that no changes in MCT2 mRNA levels
were detected, whereas MCT2 protein expression
was enhanced by BDNF in synaptoneurosomes, a
preparation that can sustain translation but not
transcriptional activation. The observation that the
mRNA synthesis inhibitor ActD can prevent BDNF-
induced enhancement of MCT2 protein expression
in intact cells but not in synaptoneurosomes is
intriguing. It cannot be excluded that as a general
transcription inhibitor, ActD indirectly interferes
with the translation process in intact cells by
reducing the expression of some essential compo-
nents. The effect of BDNF on MCT2 protein expres-
sion was shown to involve the activation of three
distinct signaling pathways, all classically impli-
cated in the regulation of translation initiation (Hay
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Figure 6 Synaptic regulation of MCT2 protein synthesis by BDNF. (A) Primary cultures of mouse cortical neurons were treated with
BDNF 100 ng/mL for various periods of time. Neuronal cultures were harvested, and total RNA was extracted and analyzed for MCT2
and NPY mRNA expression by quantitative real-time RT-PCR. Results are expressed as percentages of control (mean £ s.d.) after the
values had been normalized using f-actin gene as the internal reference and were expressed as a relative mRNA quantity compared
with control. Five independent experiments were pooled after performing quantitative RT-PCR. (B) Western blot analysis of MCT2
expression in primary cultures of mouse cortical neurons exposed to either actinomycin D (ActD) or cycloheximide (CHX) for 30 mins
before the application of 100 ng/mL BDNF for 6 h. (C) Western blot analysis of MCT2 expression in synaptoneurosomes treated with
BDNF 100 ng/mL in the presence or absence of ActD or CHX. Western blots were quantified using the Odyssey Infrared Imaging
System (LI-COR Biosciences, Lincoln, NE, USA). Results are expressed as percentage of control after the values had been normalized
using S-actin signal as the reference. Statistical analysis was performed using ANOVA followed by Bonferonni's test. *'** indicate
MCT2 protein levels significantly different from control with P < 0.05 and P < 0.01. # ## indicate MCT2 protein levels significantly
different from BDNF-treated condition with P < 0.05 and P < 0.01, respectively. Numbers in the graph bars represent the number of
independent experiments for each condition.

and Sonenberg, 2004). Thus, a concomitant activa-
tion of PI3K/Akt/mTOR, p38 MAPK as well as MEK/
ERK kinases was found to be necessary for the
enhancement of MCT2 protein expression by BDNF
(Figure 7). Such an observation suggests a putative
cross talk between the different signaling pathways
activated by BDNF to regulate translational activa-
tion, a possibility previously proposed by others
(Almeida et al, 2005; Bramham and Messaoudi,

2005). It is noted that noradrenaline (a neurotrans-
mitter), insulin (a hormone), and IGF-1 (a neuro-
trophic factor) were also previously shown to
regulate MCT2 protein expression at the translational
level, notably by activating the PI3K/Akt/mTOR/S6
kinase pathway in cultured cortical neurons (Chenal
and Pellerin, 2007; Chenal et al, 2008). As each of
these neuroactive substances, similar to BDNF,
has been implicated in different forms of synaptic
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Figure 7 Putative signaling pathways leading to translational
activation and enhanced MCT2 protein synthesis after BDNF
treatment in cultured cortical neurons. BDNF and TrkB can
activate distinct signal transduction pathways involving specific
kinases leading to translation initiation. Two pathways investi-
gated in this study are illustrated herein (PI3K/Akt/mTOR/S6 and
MAPK signaling pathways). The surrounding proteins were
directly investigated for their level of phosphorylation. First,
phosphorylation of PI3K can cause the phosphorylation and
activation of Akt, which then directly phosphorylates mTOR,
which in turn phosphorylates p70S6K. The target of p70S6K,
the ribosomal S6 protein, once phosphorylated, participates in
the translational machinery as part of the 40S complex. Second,
the MAPK cascade is also activated by BDNF requiring the
activation of MEK. MEK phosphorylates the p44 and p42
MAPK, which can activate, among others, MNK1. When
activated, MNK1 phosphorylates elF4E on Ser209 that corre-
lates with enhanced rates of translation of capped mRNA.
Specific inhibitors for some kinases have been used to
distinguish the implication of each pathway in the effect of
BDNF: LY294002, PI3K inhibitor; rapamycin, mTOR inhibitor;
PD98058, MEK inhibitor; SB202190 and SB203580, p38
MAPK inhibitors.

plasticity, it suggests that MCT2 represents
a common target for such signals, pointing to a
putatively important role of MCT2 in relation to
synaptic modifications.

In view of the current results, it appears that MCT2
belongs to a group of neuronal proteins specifically
regulated at the translational level. Until now, more
than 100 different mRNAs coding for proteins
involved in neurotransmission and in the modula-
tion of synaptic activity have been identified in
dendrites. Local protein synthesis from these

Journal of Cerebral Blood Flow & Metabolism (2010) 30, 286-298

mRNAs is postulated to provide the basic mechan-
ism of long-term changes in the strength of neuronal
connections (Skup, 2008). Postsynaptic proteins that
undergo enhancement of their synthesis locally
include calmodulin kinase II (Ouyang et al, 1999;
Wu and Cline, 1998), MAP2 (Blichenberg et al,
1999), Arc/Arg 3.1 (Steward and Schuman, 2001),
and GluR1, as well as GluR2 AMPA receptor
subunits (Ju et al, 2004). Although the presence of
MCT2 mRNA has not been described yet in den-
drites, it seems likely that the translational regula-
tion of MCT2 expression would occur locally. Our
results obtained with synaptoneurosomes support
this conclusion. The MCT2 protein is not only
present in dendrites but it is also specifically
associated with spines, where it was found to be
expressed in the postsynaptic density as well as on
vesicle-like structures forming an intracellular pool
(Bergersen et al, 2005). MCT2 was recently found to
interact with a specific subset of postsynaptic
proteins (Pierre et al, 2009). This is particularly the
case with GluR2, a subunit of the glutamatergic
AMPA receptor subtype. It was shown that MCT2
seems not only to determine the subcellular localiza-
tion of GluR2 in neural cells but also to regulate its
expression levels (Maekawa et al, 2009). In addition,
it was observed that MCT2 together with GluR2
undergoes a trafficking process between the plasma
membrane and an intracellular pool under condi-
tions inducing synaptic plasticity (Pierre et al, 2009).
Translocation of GluR2 to and from the plasma
membrane has been implicated in synaptic plasticity
mechanisms, such as long-term potentiation and
long-term depression (Kessels and Malinow, 2009;
Malenka, 2003; Sheng and Kim, 2002). Thus, MCT2
localization and interaction with specific synaptic
proteins involved in plasticity mechanisms strength-
en the view that its expression may be regulated in a
manner similar to its partners. In this regard,
increased MCT2 protein expression by BDNF may
be part of a coordinated mechanism of local synth-
esis for various postsynaptic proteins involved in the
long-term regulation of glutamatergic transmission.
Although a major effort has been devoted to
decipher the molecular events involved in synaptic
plasticity, including those induced by BDNF, few
studies have explored the concomitant changes in
neuroenergetics that could take place with altera-
tions in synaptic transmission. Recently, the concept
that energy metabolism might be coupled to synaptic
plasticity has been proposed together with the
implication of BDNF in such interactions (Vaynman
et al, 2006). Indeed, BDNF was shown to enhance
mitochondrial activity (El Idrissi and Trenkner,
1999). Regarding the energy substrates that might
be concerned, lactate has attracted much attention
recently. Lactate has been shown to be a preferential
oxidative substrate for neurons both in vitro (McKen-
na et al, 1993, 1994) and in vivo (Hyder et al, 2006;
Serres et al, 2005). Lactate is not only able to sustain
synaptic vesicle turnover and synaptic transmission



(Morgenthaler et al, 2006; Rouach et al, 2008; Schurr
et al, 1988) but it is also shown to allow, at least in
part, the establishment of long-term potentiation
(Izumi et al, 1997; Yang et al, 2003). In addition,
glutamatergic activity increases the production and
release of lactate by astrocytes (Pellerin and Magis-
tretti, 1994), and it has been purported that such an
effect participates in a mechanism to provide lactate
as an additional energy substrate to neurons to
sustain their activity (Pellerin et al, 2007). As the
primary role of MCT2 is to supply neurons with
nonglucose energy substrates, e.g., lactate, changes
in MCT?2 expression might facilitate the utilization of
alternative substrates. Indeed, overexpression of
MCT2 in neurons was shown to enhance lactate
consumption by neurons stimulated with kainate
(Bliss et al, 2004). Our observation that MCT2 can be
upregulated by BDNF is consistent with the possibi-
lity of a coupling between lactate utilization and
synaptic plasticity. It is hypothesized that to meet
higher energy demands caused by enhanced synaptic
transmission after synaptic plasticity, MCT2 expres-
sion is increased to facilitate lactate supply at
potentiated synapses.

In conclusion, we have shown that BDNF
enhances the expression of the monocarboxylate
transporter MCT2 in cultured cortical neurons
through a translational regulation. A possible role
for such an effect could be to enlarge the local lactate
transporter pool to allow potentiated synapses to
meet higher energy demands on activation.
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