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Neurobiology of Disease

Regulation of Glucose Transporter 3 Surface Expression by
the AMP-Activated Protein Kinase Mediates Tolerance to
Glutamate Excitation in Neurons
Petronela Weisová,1 Caoimhín G. Concannon,1 Marc Devocelle,2 Jochen H. M. Prehn,1 and Manus W. Ward1
1

Department of Physiology and Medical Physics and Royal College of Surgeons in Ireland (RCSI) Neuroscience Research Centre, and 2Centre for Synthesis
and Chemical Biology, Department of Pharmaceutical and Medicinal Chemistry, RCSI, Dublin 2, Ireland

Ischemic and excitotoxic events within the brain result in rapid and often unfavorable depletions in neuronal energy levels. Here, we
investigated the signaling pathways activated in response to the energetic stress created by transient glutamate excitation in cerebellar
granule neurons. We characterized a glucose dependent hyperpolarization of the mitochondrial membrane potential (⌬m ) in the
majority of neurons after transient glutamate excitation. Expression levels of the primary neuronal glucose transporters (GLUTs) isoforms 1, 3, 4, and 8 were found to be unaltered within a 24 h period after excitation. However, a significant increase only in GLUT3 surface
expression was identified 30 min after excitation, with this high surface expression remaining significantly above control levels in many
neurons for up to 4 h. Glutamate excitation induced a rapid alteration in the AMP:ATP ratio that was associated with the activation of the
AMP-activated protein kinase (AMPK). Interestingly, pharmacological activation of AMPK with AICAR (5-aminoimidazole-4carboxamide riboside) alone also increased GLUT3 surface expression, with a hyperpolarization of ⌬m evident in many neurons.
Notably, inhibition of the CaMKK (calmodulin-dependent protein kinase kinase) had little affect on GLUT translocation, whereas the
inhibition or knockdown of AMPK (compound C, siRNA) activity prevented GLUT3 translocation to the cell surface after glutamate
excitation. Furthermore, gene silencing of GLUT3 eradicated the increase in ⌬m associated with transient glutamate excitation and
potently sensitized neurons to excitotoxicity. In summary, our data suggest that the activation of AMPK and its regulation of cell surface
GLUT3 expression is critical in mediating neuronal tolerance to excitotoxicity.

Introduction
Excessive glutamate release and the overexcitation of glutamate
receptors has been identified as a central mediator in the pathophysiology of the neuronal injury associated with ischemic stroke
and head trauma (Choi, 1987). The overexcitation of postsynaptic glutamate receptors and the neuronal loading with Na ⫹ and
Ca 2⫹ results in the rapid depletion of neuronal energy, with a
significant reduction in ATP levels (Tsuji et al., 1994; Atlante et
al., 1996) and the activation of energetic signaling pathways
(Culmsee et al., 2001; McCullough et al., 2005). Recently, we
identified rapid changes in the metabolism of cerebellar granule
neurons (CGNs) after transient glutamate excitation, establishing a significant increase in glucose uptake that was associated
with a hyperpolarization of the mitochondrial membrane potential (⌬m) (Ward et al., 2007). In previous studies, it is apparent
that restrictions to glucose availability increases the sensitivity of
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primary neurons to glutamate excitation (Delgado-Esteban et al.,
2000; Vergun et al., 2003). In neurons, glucose uptake is facilitated by a family of glucose transporters (GLUTs) with the
GLUT1 and 3 isoforms believed to be responsible for the majority
of glucose uptake within the brain (Duelli and Kuschinsky, 2001).
Increased expression of GLUT1 and 3 has been reported in vitro
(Maher and Simpson, 1994) and in vivo (Vannucci et al., 1996)
after excitotoxic and ischemic events.
The AMP-activated protein kinase (AMPK) has been characterized as a critical regulator of cellular function in response to
energy stress within cells (Hardie et al., 2006). AMPK is activated
by increased cellular AMP levels (Hawley et al., 2003; Woods et
al., 2003) and indirectly by the activation of the Ca 2⫹-sensitive
calmodulin-dependent protein kinase kinases (CaMKKs) (Hawley et al., 2005; Woods et al., 2005). The ␣1/2, ␤1/2, and ␥1
subunits of AMPK are highly expressed in neurons (Turnley et
al., 1999), with AMPK activity shown to increase during glucose
deprivation, metabolic stress, ischemia, and hypoxia in neurons
both in vivo and in vitro (Culmsee et al., 2001; Gadalla et al., 2004;
McCullough et al., 2005). Interestingly, AMPK activity plays a
central role in increasing cellular glucose uptake, with increased
activity facilitating the translocation of the GLUT isoform 4 to the
plasma membrane in skeletal and cardiac muscle during exercise
(Fujii et al., 2006) and by altering the activation of specific transporters at the plasma membrane (Abbud et al., 2000; Barnes et al.,
2002; Cidad et al., 2004).
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Here, we investigated the signaling pathways activated in
CGNs in response to the energetic stress created by transient
glutamate excitation. We have characterized an AMP-mediated
activation of AMPK that facilitates the translocation of GLUT3 to
the neuronal cell surface after excitation. In addition, a siRNAmediated knockdown of GLUT3 expression was found to sensitize CGNs to glutamate excitation.

Materials and Methods
Materials. Fetal calf serum and minimal essential medium were from
Invitrogen (Bio Sciences). Glutamate, glycine, and all other reagents were
from Sigma (Fluka). Fluo-4 AM and TMRM were purchased from Invitrogen (Bio Sciences). 5-aminoimidazole-4-carboxamide riboside
(AICAR) was obtained from Cell Signaling. Compound C and KN93
(water-soluble) obtained from Calbiochem (Merck Biosciences, UK).
Preparation of primary cerebellar granule neurons. CGNs were prepared
as described previously (Ward et al., 2000). Cells were plated on poly-Llysine-coated glass coverslips, glass Willco dishes, 6-well plates, and 24well plates at 1 ⫻ 10 6 cells per milliliter, and maintained at 37°C in a
humidified atmosphere of 5% CO2/95% air. Neurons were used after 8 d
in culture. All animal work was performed with ethics approval from the
RCSI and under licenses granted to Weisova and Ward by the Irish
Department of health and children.
Determination of neuronal injury: Hoechst staining of nuclear chromatin. Cells cultured on 24-well plates were stained live with Hoechst 33258
(Sigma) at a final concentration of 1 g/ml. After incubation for 10 min,
nuclear morphology was observed using an Eclipse TE 300 inverted microscope (Nikon) and a 20⫻ dry objective. For each time point and
treatment (glutamate/glycine, 100 M/10 M; AICAR, 2.5 mM), cells were
analyzed for apoptotic morphology in three subfields of each culture (up
to 2000 cells per time point). All experiments were performed at least
twice with similar results.
Confocal microscopy. CGNs on Willco dishes were loaded with TMRM
(20 nM) only or coloaded with Fluo-4 AM (3 M) for 30 min at 37°C (in
the dark) in experimental buffer containing (in mM): 120 NaCl, 3.5 KCl,
0.4 KH2PO4, 20 HEPES, 5 NaHCO3, 1.2 Na2SO4, 1.2 CaCl2, and 15
glucose, pH 7.4. The Willco dishes with cells were mounted in a nonperfusion (37°C) holder and placed on the stage of an LSM 510 Meta Zeiss
confocal microscope. For glutamate-induced apoptosis, neurons were
exposed to glutamate and glycine (100 and 10 M) for 10 min, with
(⫹)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine
maleate (MK-801; 10 M; Fluka) added to block NMDA receptor activation as required. In separate experiments, neurons were incubated with
AICAR (2.5 mM) for up to 24 h. Fluo-4 AM was excited at 488 nm, and
the emission was collected through a 505–550 nm barrier filter; TMRM
was excited at 543 nm, and the emission was collected through a 560 nm
long-pass filter. Images were taken at 60 s intervals, and the resulting
fluorescent images were processed using MetaMorph Software version
7.1, release 3 (Molecular Devices).
Gene expression analysis using quantitative real-time RT-PCR analysis.
Total RNA was extracted using the RNeasy mini Kit (Qiagen). First
strand cDNA synthesis was performed using 2 g of total RNA as template and Superscript II reverse transcriptase (Invitrogen) primed with
50 pmol of random hexamers. Quantitative real-time PCR was performed using the LightCycler (Roche Diagnostics) and the QuantiTech
SYBR Green PCR kit (Qiagen) as per manufacturer’s protocol. Specific
primers for each gene analyzed were designed using Primer3 software
(http://frodo.wi.mit.edu/). Sense and antisense primers were: AGTATCGTGGCCATCTTTGG and CCCACGATGAAGTTTGAGGT for
GLUT1; CGCCTGATTATTGGCATCTT and TCCAAACCAAAGACCTGAGC for GLUT3; TGGCATGATTTCCTCCTTTC and TAGGCACCAACCCTGATGTT for GLUT4; ACTGGTTCATGGCCTTTCTG and
CTCGAAATGGGCTGTGATTT for GLUT8; AACAAGCACTTCGGTCATCC and AGAGCAAGAAGGCGACACAT for PGC-1␣; CAAAAAGACCTCGGTCAGCA and ATGAGATCACTTCGCCCAAC for mtTFA; CATTATCCACCCCACTA and CATGTTGAGGGTAGGGG for
ND5; GGGAAATCGTGCGTGACATT and TGCCACAGGATTCCATACCC for ␤-actin. Each primer pair was tested with a logarithmic dilu-
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tion of a cDNA mix to generate a linear standard curve, which was used to
calculate the primer pair efficiency. The PCRs were performed in 20 l
volumes with the following parameters: 95°C for 15 min, followed by 40
cycles of 94°C for 20 s, 59°C for 20 s, and 72°C for 20 s. The generation of
specific PCR products was confirmed by melting curve analysis and gel
electrophoresis. The data were analyzed using the Lightcycler Software
4.0 with all samples normalized to ␤-actin.
Semiquantitative PCR for neuronal GLUT isoforms. For semiquantitative PCRs were performed using Platimum Taq polymerase (Invitrogen).
PCR amplification was performed in 20 l volumes with the following
parameters: 95°C for 2 min, followed by 40 cycles of 95°C for 30 s, 55°C
for 30 s, and 72°C for 30. A 479 bp product of ND5 was amplified with
primers 5⬘-CATTATCCACCCCACTA-3⬘ and 5⬘-CATGTTGAGGGTAGGGG-3⬘ as loading control in combination with the gene of interest.
The rat-specific GLUT 1, 3, 4, and GLUT8 primers, as described above,
were used to generate fragments of 155 kb for GLUT 1, 155 kb for GLUT
3, 209 bp for GLUT 4, and 176 bp for GLUT 8. Initial experiments were
performed to ascertain that PCR was within the linear amplification
range for all three investigated genes. PCR products were separated by
agarose gel electrophoresis (1.5%) and visualized with 0.1% ethidium
bromide under UV transillumination, using a CCD camera-based gel
documentation system (Fuji Las-300).
Preparation of whole-cell extracts and Western blotting. Preparation of
cell lysates and Western blotting was performed as described previously
(Concannon et al., 2008). The resultant blots were probed with a monoclonal mouse anti-cytochrome c-oxidase subunit IV (COX IV) (Invitrogen A21348, 1:100), a rabbit polyclonal anti-GLUT1 antibody (Millipore
Bioscience Research Reagents, 1:1000), a rabbit polyclonal anti-GLUT3
antibody (Millipore Bioscience Research Reagents, 1:1000), a rabbit antiGLUT4 antibody (Millipore Bioscience Research Reagents, 1:1000), a
goat polyclonal anti-GLUT8 antibody (Santa Cruz Biotechnology,
1:1,00), a rabbit polyclonal phospho-(Thr 172)-AMPK (Cell Signaling
Technology, 1:1000); a rabbit polyclonal total AMPK␣ (Cell Signaling
Technology, 1:1000), or a mouse, monoclonal anti-␣-tubulin antibody
(Sigma, clone DM 1A; 1:5000). Membranes were washed with Trisbuffered saline Tween 20 (TBST) three times for 10 min. Immunoreactivity was detected with anti-mouse or anti-rabbit peroxidaseconjugated secondary antibodies (1:5000, Promega) for 2 h at room
temperature. Blots were washed and developed using ECL chemiluminescence detection reagent (GE Healthcare), detected using Super-Signal
West Pico Chemiluminescent Substrate (Pierce), and imaged using a
FujiFilm LAS-3000 imaging system (Fuji).
Immunofluorescence analysis. For immunofluorescence analysis, cells
were fixed on coverslips with 4% paraformaldehyde, washed three times
with PBS, and then incubated with blocking solution (PBS with 20% fetal
calf serum and 1% BSA) for 1 h at room temperature. GLUT3 was detected using a rabbit polyclonal anti-GLUT3 antibody (Millipore Bioscience Research Reagents). The antibody was used at a concentration of
1:250 in PBS containing 20% horse serum and 1% BSA. After incubation
at room temperature for 2 h, cells were washed twice with PBS and
incubated with Alexa Fluor 488 goat anti-rabbit IgG (H⫹L) antibody
(Invitrogen), diluted 1:250. The secondary antibody was detected using
confocal microscopy as described above.
Flow cytometry: quantification of cell surface GLUT isoform expression.
CGNs were harvested from a 24-well plate using trypsin after appropriate
treatments and fixed in 1% paraformaldehyde for 20 –25 min at 4°C.
After incubation with the GLUT1, 3, 4, or 8 antibody (GLUT1, 3, 4 from
Millipore Bioscience Research Reagents, 1:250 and GLUT 8 from SantaCruz Biotechnology, 1: 25) diluted in PBS ⫹ 0.1% BSA for 1 h; cells were
washed and incubated with an Alexa Fluor 488 goat anti-rabbit IgG
(H⫹L) antibody (Invitrogen) diluted 1:250 for 1 h. After washing cells
three times with PBS ⫹ 0.1% BSA, samples were analyzed immediately
by flow cytometry on a Partec CyFlow ML followed by analysis using
FloMax software. In all cases, a minimum of 10 4 events were acquired.
Flow cytometry: quantification of mitochondrial mass. For the quantification of mitochondrial mass, CGNs were loaded with the
mitochondria-specific fluorescent dye MitoTracker Green FM (Invitrogen) in media at a final concentration 150 nM for 30 min at 37°C. After
incubation the media was removed, cells gently trypsinated, centrifu-

Weisová et al. • Excitotoxicity, AMPK Activation, and GLUT3

gated at 6000 rpm for 3 min, and resuspended in PBS. The forward scatter
versus side scatter area was used to analyze a homogeneous population of
live cells. Samples were analyzed immediately by flow cytometry with
cytometric analyses performed on a CyFlow ML (Partec) followed by
analysis using FloMax software.
ATP luciferase assays. CGNs were maintained on poly-D-lysine (5 g/
ml)-coated 24-well plates for 7 d before use. The culturing medium was
replaced with an experimental buffer (see above) and the neurons were
excited with glutamate for 10 min and lysed at the times indicated. In
separate experiments, CGNs were exposed to AICAR (2.5 mM) before
being lysed. The neurons were lysed using a hypotonic lysis buffer (Trisacetate buffer, pH 7.75). Fifty microliters of the sample and 50 l of the
luciferin–luciferase reaction kit (ENLITEN ATP Assay System Bioluminescence Detection kit; Promega) for ATP were reacted to quantify ATP
content. The amount of ATP was determined by a concentration standard curve, and ATP content values were normalized according to the
protein concentration for each sample (mol ATP/mg protein).
siRNA silencing of GLUT3 in PC12 cells. A synthetic small interfering
RNA (siRNA) that targeted GLUT3 was designed using the RNA workbench software (Vareková et al., 2008), and GLUT3 siRNA and nontargeting control duplexes were obtained from Sigma-Proligo. PC12 cells
were transfected using the Nucleofector (Amaxa Biosystems) as per manufacturer’s instructions. Briefly, ⬃2 ⫻ 10 6 cells were transfected with 100
nM of either GLUT3 or control siRNA duplexes. Immediately after transfection, the cells were transferred with the recommended plastic pipettes
into six-well culture dishes. Two days after the transfection, cells were
lysed and the knockdown of GLUT3 was examined by RT-qPCR (see
above) and Western blot (see above).
Generation of siRNA expressing vectors and transfection of CGNs. The
GLUT3 and control siRNA were cloned into the pFIV-H1/U6-copGFP
siRNA vector (SBI, System Biosciences) as per manufacturer’s instructions to allow for the expression of the appropriate siRNA and GFP in
parallel. For knockdown of AMPK, a sequence targeting AMPK ␣1/␣2
(Aguilar et al., 2007) was used. Transfection of CGNs was performed
according to the protocol for calcium-phosphate-based transfection of
primary neurons as previously described (Dahm et al., 2008). Approximately 1 ⫻ 10 6 neurons were maintained on Willco dishes and on day 4
(DIV) were transfected with 3 g of plasmid. Neurons were used for
experiments 3– 4 d after transfection
Measurement of intracellular AMP and ATP levels. Adenine nucleotide
levels in CGN lysates were determined by HPLC analysis as previously
described with some modifications (Landree et al., 2004). Briefly, each
well of a six-well plate was washed with 2 ml of ice-cold PBS, lysed with 70
l of ice-cold 0.5 M KOH, and scraped. H20 (140 l) was added to cell
lysates and incubated on ice for 5 min, and the pH was then adjusted to
6.5 by addition of 1 M KH2 PO4. Cell lysates were spun through Microcon
YM-50 centrifugal filters (Millipore: 10 kDa followed by a 3 kDa) and
stored at ⫺80°C for subsequent HPLC analysis. The HPLC used was an
Varian ProStar with ProStar 335 Diode Array Detector and equipped
with a reverse-phase Gemini column (Phenomenex, 5Å, C18, 4.6 mm
deep/250 mm long). Of each sample, 20 l was injected in the HPLC and
a mobile phase consisting of 0.1 M KH2 PO4, pH adjusted to 6 with KOH
and 100% acetonitrile, with a flow rate 1 ml/min. Each elution peak was
compared with AMP, ADP, and ATP standards (Sigma) to confirm its
identity. Additionally, the identity of the AMP peak was compared by
spiking method with AMP standard in biological sample. Data are expressed as peak area (mAU.min).
Statistics. Data are presented as means ⫾ SEM. For statistical comparison, t test or one-way ANOVA and post hoc Tukey’s test were used using
SPSS software. p values ⬍0.05 were considered to be statistically
significant.

Results
Mitochondrial bioenergetics and biosynthesis after transient
glutamate excitation
Previous studies have highlighted significant modulations in
neuronal metabolism and mitochondrial energetics in response
to excitotoxic/ischemic events; with increased glucose uptake,
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increased NAD(P)H availability and a hyperpolarization of ⌬m
(Robb-Gaspers et al., 1998; Iijima et al., 2003; Ward et al., 2007).
Here, transient glutamate excitation of CGNs resulted in a delayed, caspase-independent apoptotic injury within 52.1 ⫾ 6.5%
of the neuronal population within a 24 h period (Fig. 1 A) (Ward
et al., 2006). Single-cell imaging identified a significant increase
(from 101.5 ⫾ 1.5% to 148.1 ⫾ 5.7%) in the whole-cell TMRM
fluorescence in ⬎90% of the neurons within a 2 h period after
glutamate excitation (Fig. 1 B, C). The increase in cellular TMRM
fluorescence in response to glutamate excitation has been attributed to an increased accumulation of the probe within the mitochondrial matrix after a hyperpolarization of ⌬m within the
neurons (Nicholls and Ward, 2000; Ward et al., 2007). However,
increased TMRM fluorescence may also be a function of increased mitochondrial biogenesis in response to energy depletion
created within the neurons after excitation. Western blot analysis
of the mitochondrial protein, COX IV, revealed no significant
changes in the expression levels of the protein in the 24 h after
glutamate excitation (Fig. 1 D). In addition, flow cytometry analysis of CGNs loaded with mitotracker green did not identify an
increase in mitochondrial mass over the same period (Fig. 1 E).
Furthermore, qPCR analysis of the expression levels of two genes,
the peroxisome proliferator-activated receptor gamma coactivator 1␣ ( pgc-1␣) and the mitochondrial transcription factor A
(tfam), believed to play a role in mitochondrial biogenesis, did
not display major changes, particularly in the early period (1–2 h)
after glutamate excitation (Fig. 1 F) in which TMRM fluorescence
increased rapidly (Fig. 1 B, C). Interestingly, a significant increase
in the expression levels of pgc-1␣ and tfam were detected 4 h (Fig.
1 F) after glutamate excitation. Together, this data suggest that
the early increase in TMRM fluorescence after glutamate excitation is not attributable to an increase in mitochondrial
biogenesis.
Glucose availability dictates neuronal viability and the
hyperpolarization of ⌬m after transient glutamate
excitation
It has previously been established that an inhibition of glycolysis
or alterations in glucose availability increased neuronal vulnerability to glutamate excitation (Delgado-Esteban et al., 2000; Vergun et al., 2003). In addition, we have recently described an increased capacity for CGNs to take up glucose after transient
glutamate excitation using tritiated 2-deoxyglucose (Ward et al.,
2007). Here, we set out to establish how alterations in glucose
availability influenced neuronal viability and mitochondrial energetics in response to glutamate excitation in our model. CGNs
loaded with TMRM (20 nM) were excited with glutamate in experimental buffer containing normal glucose (15 mM) and low
glucose (1 mM). Significantly, neurons incubated in the lower
glucose concentration were found to have a more marked reduction in (83.2 ⫾ 6.4%) TMRM fluorescence 60 min after glutamate excitation (Fig. 2 A, B) than that (167.2 ⫾ 9.9%) in neurons
maintained in normal glucose (15 mM). Previously, we have identified that a hyperpolarization ⌬m is associated with cell survival
and tolerance (Ward et al., 2007). Interestingly, in neuronal populations maintained in low glucose (1 mM) and excited with glutamate where no hyperpolarization of ⌬m was evident, a higher
rate of cell death was identified (65.1 ⫾ 7.4% survival in 1 mM
glucose and 39.8 ⫾ 6.1% in 15 mM glucose) with an increased
number of neurons having pyknotic nuclei within 24 h of excitation (Fig. 2C). This data demonstrate that the increase in ⌬m
identified in CGNs after transient glutamate excitation is depen-
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dent on extracellular glucose availability,
and that decreased extracellular glucose
sensitizes CGNs to glutamate excitation.
Glutamate-induced hyperpolarization
of ⌬m is coupled with an increase in
GLUT3 translocation
Because the changes in mitochondrial energetics appear to be highly dependent on
the availability of glucose (Fig. 2 A, B) and
CGNs have an increased capacity for glucose uptake after transient glutamate excitation (Ward et al., 2007), we investigated
the role of GLUTs in facilitating this increased glucose uptake. PCR analysis of
glut isoform mRNA expression in cerebellar tissue revealed a high expression level
for glut3 and 8, with a much reduced expression of the glut isoforms 1 and 4 (Fig.
3A). Rather surprisingly, no significant increase in the mRNA (Fig. 3B) or protein
(Fig. 3C) expression levels were found for
the main neuronal GLUT isoforms (1, 3, 4,
8) in the CGNs within a 24 h period after
glutamate excitation. However, immunofluorescence analysis of the cell surface expression of the GLUT isoforms identified a
significant increase in the expression of
only the insulin-insensitive GLUT3 isoform after glutamate excitation (Fig.
4 A, B). Because of the inherent problems Figure 1. Transient glutamate excitation induces an early hyperpolarization of ⌬ that is not a function of increased
m
associated with immunofluorescence (in- mitochondrial biogenesis. CGNs were stimulated with glutamate (glutamate/glycine 100 M/10 M) for 10 min. A, Nuclei were
vestigator bias, qualitative quantification) stained with Hoechst at the indicated time points (0, 4, 16, and 24 h) with uniformly stained nuclei counted as healthy (viable
and the high variability of GLUT3 cell sur- neurons) and condensed nuclei counted as apoptotic (n ⫽ 4 experiments in triplicate, *p ⬍ 0.01, difference between sham and
face expression in untreated neurons (Fig. 4, 8, and 24 h) B, CGNs preloaded with TMRM and Fluo-4 AM were stimulated with glutamate. Traces are representative of the
4C, gray shaded area), we used flow cy- responses in neurons at postnatal day 15 from 10 separate experiments. C, Average TMRM fluorescence in neurons after glutamate
tometry to more accurately determine the excitation are represented as mean ⫾ SEM. Fluorescent images for representative chosen at selected time points (0 and 120 min)
GLUT surface expression of the principle after glutamate excitation. *p ⬍ 0.001, difference between sham (n ⫽ 63) and glutamate-treated neurons (n ⫽ 119). D, After
glutamate excitation, the expression levels of COX IV were examined by Western blotting. ␣-Tubulin served as a loading control.
neuronal isoforms (1, 3, 4, and 8) in reSimilar responses were observed in samples from three separate cultures. E, CGNs were stimulated with glutamate, loaded with
sponse to transient glutamate excitation in 100 nM MitoTracker Green FM, and mitochondrial mass analyzed using FACs. Data are presented as mean ⫾ SEM. No significant
neuronal populations with 10 4 events per increase was identified. F, CGNs were stimulated with glutamate, and the mRNA expression of the transcription factor tfam and
sample (Fig. 4 D, E). Similar to the immu- cofactor pgc-1␣ was analyzed by real-time qPCR. Expression levels were normalized to control cells and data are represented as
nofluorescence, flow cytometric analysis mean ⫾ SEM from three independent experiments, 2, 4, and 24 h). *, #p ⬍ 0.05, difference between sham and glutamate treated
detected a significant increase in the cell neurons at 4 h (n ⫽ 3 experiments in triplicate).
surface expression of only GLUT3 30 and
60 min after excitation (Fig. 4C,D), with
Activation of AMP-activated protein kinase induces a
no significant change in surface expression levels of GLUT, 1, 4,
translocation of GLUT3 to the plasma membrane and a
and 8 identified (Fig. 4 E). Interestingly, GLUT3 is known to have
hyperpolarization of ⌬m
a much higher capacity to transport glucose in neurons at optiAMPK has been identified as a highly sensitive energy sensor
mal glucose concentrations than other GLUT isoforms (Carruthwithin cells, and it is believed to play an important part in a cell’s
ers, 1990; Maher et al., 1996; Vannucci et al., 1997); therefore,
response to energy stress (Hardie et al., 2006). Indeed, in muscle
only minor changes in surface expression levels would result in
tissue there is strong evidence showing that the direct activation
greatly enhanced glucose uptake. Importantly, the increase in
of AMPK with AICAR increases glucose transport by an insulinGLUT3 cell surface expression identified after glutamate excitaindependent signaling mechanism (Merrill et al., 1997; Hayashi
tion occurred independent of extracellular glucose concentraet al., 1998; Bergeron et al., 1999). We therefore investigated the
tions (supplemental Fig. 1, available at www.jneurosci.org as suprole of AMPK activity after transient glutamate excitation and the
plemental material), indicating that the translocation event is
potential of AMPK activation to alter GLUT3 cell surface expresdependent on the activation of intracellular signaling cascades.
sion in neurons. A rapid increase in the active, phosphorylated
The current data suggest that the rapid translocation of the
state of AMPK (Thr 172) was identified in CGNs 5 min after
GLUT3 to the plasma membrane is central in enabling CGNs to
glutamate excitation (Fig. 5A). Interestingly, cytosolic ATP inincrease glucose uptake in response to the energy deprivation
versely correlated with the phosphorylated state of AMPK (Thr
associated with glutamate receptor over activation.
172) with a decreased availability of ATP within the neurons (Fig.
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Figure 2. Reducedglucoseavailabilityattenuatestheincreasein⌬m aftertransientglutamate
excitation and increases neuronal sensitivity to excitation. CGNs were stimulated with glutamate/
glycine(100 M/10 M 10min)inthepresenceofnormal(15mM)glucoseorlow(1mM)extracellular
glucose. A, Representative traces for whole-cell TMRM fluorescence in neurons during transient glutamate excitation in 1 mM (n ⫽ 26) or 15 mM (n ⫽ 31) extracellular glucose concentration. B, Quantification of the TMRM fluorescence in sham-treated neurons (n ⫽ 39) and glutamate-treated neuronswith15mM (n⫽26)or1mM glucose(n⫽31).Dataarepresentedasmean⫾SEM.*p⬍0.001,
differencebetweensham-treatedandglutamate-treatedneuronsin15mM glucose.C,Neuronswere
stimulated with glutamate and left to recover in media with different glucose concentrations (1 and
15 mM) for 24 h. Nuclei were stained with Hoechst, with uniformly stained nuclei counted as healthy/
viable neurons and condensed nuclei scored as apoptotic. Data were presented as mean ⫾ SEM.
*p ⬍ 0.01, difference between sham- and glutamate-stimulated neurons in 15 mM glucose. #p ⬍
0.01,differencebetweenglutamate-stimulatedneuronsrecoveredin15mM glucoseandthoserecovered in 1 mM glucose (n ⫽ 3 in triplicate).

5B), mirrored by an increased phosphorylation of AMPK (Fig.
5A). Because AMPK is primarily activated by AMP, we investigated how the changes in ATP levels identified (Fig. 5B) corresponded to alterations in AMP levels within the neurons after
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Figure 3. Transient glutamate excitation did not induce a significant change in the expression levels of GLUT1, 3, 4, and 8 over 24 h. A, Representative gel of RT-PCR for semiquantitative
assessment of different glucose transporter isoforms localized in the cerebellum. ND5 was used
as a control for RNA loading and RT-PCR efficiency. B, CGNs were stimulated with glutamate/
glycine (100 M/10 M) for 10 min and allowed to recover for indicated time periods. After
treatment, mRNA expression of the predominant neuronal glucose transporters ( glut1, 3, 4,
and 8) were determined by real-time qPCR analysis. Expression levels were normalized to
sham-treated neurons and data are represented as SEM from three separate experiments. Data
were presented as mean ⫾ SEM. ns, No significance. C, Western blot analysis of GLUT1, 3, 4, and
8 at indicated times of recovery after transient glutamate excitation. ␣-Tubulin served as a
loading control. Similar results were observed in two additional experiments.

excitation. HPLC analysis identified a marked reduction in ATP
levels (100 ⫾ 26.3% to 39.6 ⫾ 13.8%) after glutamate excitation
that was associated with a significant increase in the AMP levels
(100 ⫾ 9.1% to 302.6 ⫾ 13.3%) (Fig. 5C; supplemental Fig. 2,
available at www.jneurosci.org as supplemental material).
Through the direct manipulation of AMPK with AICAR, we
aimed to determine whether GLUT3 expression and ⌬m were
altered in a similar manner as that after transient glutamate excitation. Addition of AICAR and its conversion into the AMP mimetic ZMP resulted in a robust increase in the phosphorylated
state of AMPK within 1 h (Fig. 5D) in CGNs. This increase in
AMPK activity paralleled a significant translocation of GLUT3 to
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the plasma membrane (Fig. 5 E, F ) within
1 h of exposure and a marked increase in
the whole-cell TMRM fluorescence (hyperpolarization of ⌬m, 168.8 ⫾ 15.9%)
(Fig. 5G). It must be noted that as well as
activating AMPK, AICAR can induce
other cellular affects that are not related to
AMPK activity (Guigas et al., 2007). Indeed, we found a significant reduction
in cellular ATP levels (⬎ 4 h) and a progressive loss of neuronal viability
when neurons were incubated with
AICAR (2.5 mM) for prolonged periods of
time (24 – 48 h) (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).
Inhibition or knockdown of AMPK
activity significantly attenuates the
translocation of GLUT3 to the plasma
membrane after transient glutamate
excitation
To clearly establish whether increased
AMPK activity facilitated GLUT3 translocation within our model of glutamate excitation, we inhibited AMPK activity with
compound C (Zhou et al., 2001; McCullough et al., 2005) for 30 min before and
during the excitation phase. Incubation of
CGNs with compound C decreased the
phosphorylation of AMPK when compared with neurons excited with glutamate
in the absence of an inhibitor (Fig. 6 A). On
examination of GLUT3 surface expression, glutamate-exposed neurons pretreated with compound C had similar levels of GLUT3 cell surface expression to Figure 4. Transient glutamate excitation induces a rapid translocation of GLUT3 to the plasma membrane. A, Immunofluoresthat of sham-treated neurons (Fig. 6 B). cence of the cell surface expression of GLUT3 in sham- and glutamate- (glutamate and glycine 100 M/10 M, 10 min) treated
neurons after 0.5, 1, 4, and 24 h. Nuclei were stained with DAPI (blue) and an Alexa Fluor 488-labeled secondary antibody (green)
Compound C does not exclusively inhibit was used to visualize GLUT3 expression. B, Single-cell evaluation of cell surface GLUT3 expression in sham (1 h) and glutamateAMPK and has been reported to inhibit treated neurons over a 24 h period. Data are presented as mean ⫾ SEM. *p ⬍ 0.01, difference between sham- (n ⫽ 38) and
respiration and suppress mitochondrial- glutamate-excited neurons after 0.5 (n ⫽ 43), 1 (n ⫽ 34), 4 h (n ⫽ 41), and 24 h (n ⫽ 39). C, Quantification of relative
generated reactive oxygen species (Emer- fluorescence intensity [arbitrary (Arb) units] by flow cytometry for GLUT3 surface expression. Cells were gated according to size. A
ling et al., 2007). Therefore, we also sup- right shift (gray– green) in distribution indicates an increase in GLUT3 cell surface fluorescence after stimulation with glutamate.
pressed AMPK activity by transiently Isotypecontrolinblue.D,Populationanalysis(flowcytometryanalysis)ofGLUT3surfaceexpressionforsham-andglutamate-stimulated
knocking down the expression of the ␣1 neurons at the indicated time points. Data are presented as mean ⫾ SEM. *p ⬍ 0.001, difference between sham-treated neurons and
and ␣2 AMPK subunits with siRNA (Fig. neurons 0.5 and 1 h after glutamate excitation. Experiments were performed in triplicate from three separate cultures. E, Flow cytometry
6C). To knockdown ␣1 and ␣2 AMPK analysisoftheplasmamembraneexpressionofotherpredominantneuronalglucosetransporters(GLUT1,4,and8)forsham-treatedand
subunit expression in CGNs, we con- glutamate-stimulatedneuronsafter1h.Resultswereobtainedfromthreeseparateculturesanddataarepresentedasmean⫾SEM.For
flow cytometry experiments a minimum of 10 4 events were collected per sample.
structed a siRNA vector expressing ␣1/␣2
AMPK subunit siRNA or control siRNA in
the surface expression levels of GLUT3 after glutamate excitation
parallel with copGFP to allow the identification of siRNA(Fig. 6 E), indicating that the Ca-activated CAMKK pathway may
expressing neurons. Significantly, those neurons that were transonly play a contributory (synergistic) role in the activation of
fected with the AMPK siRNA were found to have a much more
AMPK. Therefore, our data strongly suggest that the AMPreduced surface expression level of GLUT3 after glutamate excimediated activation of AMPK after transient glutamate excitatation than neurons containing the control siRNA (Fig. 6 D).
tion facilitates the translocation of GLUT3 to the neuronal cell
2⫹
Because the Ca -sensitive CaMKKs are known to play a consurface.
tributory role to the activation of AMPK (Hawley et al., 2005;
Woods et al., 2005; Jensen et al., 2007), and changes in cytosolic
siRNA knockdown of GLUT3 expression increases neuronal
Ca 2⫹ are known to play a pivotal role in the progression of excisensitivity to glutamate excitation
totoxic injury (Tymianski et al., 1993a,b), we investigated
To further explore the relationship between glucose transport,
whether CaMKK activity influenced GLUT3 translocation within
our model of excitotoxic injury. Interestingly, inhibition of
altered mitochondrial energetics, and neuronal viability, we tranCaMKK activity using KN93 was not found to significantly alter
siently knocked down GLUT3 levels in CGNs before glutamate
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excitation. Transient transfection of PC12
cells with a GLUT3 siRNA duplex significantly reduced GLUT3 expression at both
mRNA (Fig. 7A) and protein level (Fig.
7B), suggesting the functionality of the
siRNA sequence. Moreover, the transient
reduction in GLUT3 expression did not
appear to induce a compensatory upregulation of other GLUT isoforms with no apparent change in the expression levels of
GLUT1 (Fig. 7A). To knockdown GLUT3
expression in CGNs, we constructed a
siRNA vector expressing GLUT3 siRNA or
control siRNA in parallel with copGFP
(Fig. 7C). Those neurons transfected with
GLUT3 siRNA were found to have a significantly reduced cell surface expression of
GLUT3 (Fig. 7D) after glutamate excitation. Interestingly, the decreased expression of GLUT3 in neurons transfected
with the GLUT3 siRNA vector was also associated with a significant reduction in
TMRM fluorescence after glutamate excitation (Fig. 7 E, F ). Furthermore, inhibition of GLUT3 expression dramatically increased the vulnerability of CGNs to
glutamate excitotoxicity (Fig. 7G). From
this data it is evident that the knockdown
of GLUT3 expression markedly inhibited
the recovery and hyperpolarization of
⌬m and significantly increased neuronal
sensitivity to glutamate excitation.

Discussion

Figure 5. IncreasedAMPKactivityregulatesthetranslocationofGLUT3tothecellsurfaceinresponsetobothglutamateexcitationand
activation with AICAR. CGNs were exposed to glutamate/glycine (100 M/10 M) for 10 min or continuously with 2.5 mM AICAR. A,
WesternblotanalysisofpAMPK(Thr172)andtotalAMPKatthetimesindicatedafterglutamateexcitation.Actinwasusedasanadditional
loading control. The observed responses are similar to that obtained in four separate experiments. B, CGNs plated in 24-well plates were
exposed to glutamate/glycine for 10 min and their ATP content measured (mol ATP/mg protein) at the times indicated. (n ⫽ 3
experiments in triplicate; *p ⬍ 0.01, difference from sham-treated neurons). C, AMP and ATP levels were determined by HPLC for sham
andglutamate(10minglutamate/glycine100 M/10 M andrecoveredfor5min)treatedneurons.Peakareaisexpressedasa%ofinitial
sham values. *p ⬍ 0.01, difference between ATP levels in sham- and glutamate-treated neurons. #p ⬍ 0.001, difference between AMP
levels in sham- and glutamate-treated neurons (lysates analyzed from 3 separate experiments). D, Western blot analysis of pAMPK
(Thr172) and total AMPK expression in CGNs after incubation with AICAR (2.5 mM). Actin was used as an additional loading control. The
observed responses are similar to that obtained in three separate experiments. E, Immunofluorescence of the cell surface expression of
GLUT3invehicletreatedandneurons1hafterincubationwithAICAR(2.5mM).F,FlowcytometryanalysisofGLUT3surfaceexpressionfor
vehicle-treated neurons and neurons 1 h after glutamate excitation and neurons treated with AICAR for 1 h. (n ⫽ 3 in triplicate; data are
presented as mean ⫾ SEM). *p ⬍ 0.01, difference between vehicle treated and neurons stimulated with AICAR and glutamate. G,
NeuronsplatedonWillcodisheswereloadedwithTMRMandcontinuouslyexposedtoAICAR(2.5mM).QuantificationofTMRMfluorescent
for neurons was performed in vehicle treated (n ⫽ 26) and neurons treated with AICAR (n ⫽ 23) at time 0, 30 min, 60 min, and 120 min.
Representative images were taken at selected time points (0, 60, and 120 min) during AICAR exposure. Data are presented as mean ⫾
SEM. *p ⬍ 0.01, difference from vehicle and AICAR treated neurons.

Here, we have set out to characterize the
energetic signaling pathways activated in
response to the energy depletion associated with transient glutamate excitation in
CGNs (Ward et al., 2007). We have characterized a hyperpolarization of ⌬m in
the majority of CGNs after glutamate excitation that was found to be sensitive to
both extracellular glucose availability and
the expression levels of GLUT3 at the
plasma membrane. Significant alterations
in the AMP levels were identified after glutamate excitation. The activation of
AMPK signaling after glutamate excitation
was found to facilitate a translocation of
GLUT3 to the plasma membrane with an
inhibition or knockdown of AMPK potently blocking the increase in GLUT3 cell
surface expression. Finally, we demonstrated that the knockdown of GLUT3
with siRNA significantly reduced the recovery and hyperpolarization of ⌬m in
CGNs and dramatically increased the sensitivity of CGNs to excitotoxic injury.
Hyperpolarization of ⌬m
This study has identified a novel relationship between alterations in glucose transport and mitochondrial bioenergetics after
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glutamate excitation, with the hyperpolarization of ⌬m observed (Fig. 1 B, C) dependent on extracellular glucose availability
(Fig. 2 A, B) and the capacity of neurons to increase glucose transport (Fig. 6 E, F ). However, it is not clear how ⌬m is altered in
neurons after an excitotoxic event. Previously, we have established that mitochondria retain Ca 2⫹ within the mitochondrial
matrix for an extended period of time after glutamate excitation
(Ward et al., 2005), and this Ca 2⫹ has the potential to mediate a
protracted increase in mitochondrial dehydrogenase activity
(McCormack et al., 1990; Hansford, 1994). Therefore, increased
mitochondrial dehydrogenase activity coupled to increased substrate availability could in turn drive proton efflux, increasing
⌬m. Interestingly, the activation of AMPK with AICAR alone
was sufficient to induce both a translocation of GLUT3 to the
plasma membrane and a subsequent hyperpolarization of ⌬m
(Fig. 5E–G). This would suggest that activation of AMPK signaling and subsequent increased glucose uptake and utilization alter
mitochondrial bioenergetics in a Ca 2⫹-independent manner. Indeed, when mouse islet cells were incubated in high extracellular
glucose, a Ca 2⫹-independent increase in ⌬m was also observed
when cellular fuel increased (Heart et al., 2006; Wikstrom et al.,
2007).
GLUT3 translocation and neuronal viability
In previous studies, an increase in the total expression levels of
GLUT3 in models of neuronal excitation in vitro (Maher and
Simpson, 1994) and hypoxia and ischemia in vivo (Vannucci et
al., 1996, 1998) have been characterized. In our model of transient glutamate excitation in CGNs, we found no evidence for any
significant increase in the expression levels of the main neuronal
GLUT isoforms at a gene or protein level; however, in this study
we have identified a rapid and significant translocation of the
GLUT 3 isoform to the plasma membrane within a relatively
short time (30 min) after transient glutamate excitation, although
a contribution of other GLUT isoforms cannot be fully excluded.
For example, in skeletal muscle the activation of AMPK with
AICAR has been shown to induce increased glucose uptake
through a translocation of GLUT4 to the plasma membrane
(Merrill et al., 1997; Hayashi et al., 1998; Fryer et al., 2000). It is
also important to note that increased AMPK activity has been
shown to enhance the activity of the glucose transporters at the
plasma membrane (Abbud et al., 2000; Barnes et al., 2002; Cidad
et al., 2004), independent of translocation events. For instance, in
HEK-293T cells transformed to express GLUT3, activation of
AMPK enhanced GLUT3-mediated glucose uptake with no apparent increase in the cell surface expression of GLUT3 (Cidad et
4

Figure 6. Inhibition of AMPK activity but not CaMKK activity significantly attenuates the
translocation of GLUT3 to the cell surface after glutamate excitation. A, Western blot analysis of

AMPK activity in sham treated and glutamate excited neurons plus and minus compound C.
Total AMPK and actin served as a loading controls. Western blot is representative of three
separate blots from three separate experiments. B, Flow cytometry analysis of GLUT3 surface
expression in sham, vehicle treated, glutamate treated and neurons treated with glutamate
preincubated with compound C (10 M). Data are presented as mean ⫾ SEM. *p ⬍ 0.001,
difference between glutamate treated and neurons treated with glutamate in the presence of
compound C. (n ⫽ 2 in triplicate). C, Western blot analysis of CGNs transfected with siRNA
directed against AMPK and a nontargeting siRNA pool which acted as a control (control siRNA)
(n ⫽ 3). D, Flow cytometry analysis of GLUT3 surface expression in sham treated control siRNA
transfected neurons, glutamate treated control siRNA transfected neurons, sham treated AMPK
siRNA transfected neurons and glutamate treated AMPK siRNA transfected neurons. *p ⬍
0.001 difference between control siRNA and AMPK siRNA glutamate treated neurons (n ⫽ 3 in
triplicate). E, Flow cytometry analysis of GLUT3 surface expression in sham and glutamate
treated neurons plus or minus incubation with KN93 (10 M for 16 h). Data are presented as
mean ⫾ SEM. No significant difference was identified between vehicle and KN93 treated neurons after glutamate excitation (n ⫽ 3 in triplicate).
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cytometry data, it is evident that GLUT3
surface expression (Fig. 4) has a high cell to
cell variability in neurons (Fig. 4C, gray
shaded area), with a 10 min glutamate excitation resulting in a significantly increased surface expression level of GLUT3
in the majority of neurons for up to 4 h
(Fig. 4 A, B). This implies that some neurons require an increased capacity for glucose uptake over an extended period of
time (1– 4 h) to survive the energy crisis
created during glutamate excitation. Interestingly, hyperglycemic conditions during
reperfusion after both transient and focal
ischemia have been shown to significantly
increase infarct size and neuronal injury in
vivo (Berger and Hakim, 1986; Nedergaard, 1987). Therefore, it may be the case
that many neurons within the penumbra
region of an infarct have an increased capacity for glucose uptake for a number of
hours after an ischemic event (Vannucci et
al., 1996, 1998). If on reperfusion these
neurons are then exposed to hyperglycemic conditions, glucose can accumulate to
toxic levels within the cell (Tomlinson and
Gardiner, 2008), and this glucosemediated stress coupled to excitotoxic/hypoxic stress signaling pathways may well
increase neuronal injury on reperfusion.
Intracellular signaling events leading to
AMPK activation and
GLUT3 translocation
In a series of comprehensive studies
Almeida, Bolanõs and coworkers have established that the inhibition of cytochrome oxidase activity with NO increases
cytosolic AMP levels within cells leading to
an activation of AMPK, which in turn regFigure 7. Knockdown of GLUT3 with siRNA increases neuronal sensitivity to glutamate excitation and reduces the recovery and
ulates the glycolytic pathway and glucose
hyperpolarization of ⌬m at a single cell level. PC12 cells and CGNs were transfected with siRNA directed against GLUT3 and a
nontargeting siRNA pool which acted as a control (control siRNA). A, B, GLUT3 downregulation is shown for PC12 transfected with transport within neuronal tissue (Almeida
control siRNA and GLUT3 directed siRNA at a (A) gene (mRNA n ⫽ 3) and (B) protein level (Western blot, n ⫽ 3). Effect of GLUT3 et al., 2004; Cidad et al., 2004; Bolaños et
gene silencing on the gene expression level of GLUT1 isoform is also presented. C, D, Immunofluorescence and quantification of al., 2008). In our model of glutamate exciGLUT3 surface expression in neurons transfected with Double-Promoter pFIV-H1/U6 siRNA expression vector containing green totoxicity, we show that the activation of
fluorescent protein (EGFP) and siRNA against GLUT3 or control siRNA 1 h after glutamate excitation. Data are presented as mean ⫾ the NMDA receptor and the subsequent
SEM. *p ⬍ 0.01, difference between nontransfected neurons (n ⫽ 34) and neurons transfected with the GLUT siRNA after accumulation of Na ⫹ and Ca 2⫹ within the
glutamate excitation (n ⫽ 38). #p ⬍ 0.01, difference between control siRNA transfected neurons (n ⫽ 26) and neurons trans- cell results in a rapid depletion of cellular
fected with the GLUT siRNA after glutamate excitation. Sham (n ⫽ 22), control siRNA (n ⫽ 17). E, Representative TMRM ATP (Fig. 5B), a rapid increase in cellular
fluorescence traces for neurons transfected with pFIV-H1/U6-copGFP siRNA vector containing siRNA against GLUT3 and those with
AMP levels (Fig. 5C), and the activation of
control siRNA after glutamate excitation. F, Quantification of the TMRM fluorescence after 80 min for sham treated neurons (n ⫽
AMPK (Fig. 5D). In addition, we show
36) and glutamate stimulated; nontransfected neurons (n ⫽ 42), control siRNA transfected neurons (n ⫽ 31) and GLUT3 siRNA
transfected neurons (n ⫽ 48). Data are presented as mean ⫾ SEM. *p ⬍ 0.01, difference between sham, and nontransfected that the activation of AMPK facilitates the
neurons and control siRNA-transfected neurons stimulated with glutamate. #p ⬍ 0.001, difference between control siRNA translocation of GLUT3 to the cell surface
transfected neurons and GLUT3 siRNA-transfected neurons exposed to glutamate. G, Quantification of neuronal viability for (Figs. 5 E, F, 6 B, D) and that an inhibition
sham-treated GLUT3 siRNA-transfected neurons (n ⫽ 64), glutamate-stimulated control siRNA-transfected neurons (n ⫽ 71), of CaMKK signaling pathway (Fig. 6 E)
and glutamate-stimulated GLUT3 siRNA-transfected neurons (n ⫽ 80). Data are presented as mean ⫾ SEM. *p ⬍ 0.01, differ- does not significantly influence this. It
ence between sham and glutamate treated control siRNA transfected neurons. #p ⬍ 0.001, difference between glutamate- would then appear that alterations in neutreated control siRNA-transfected neurons and glutamate-treated GLUT3 siRNA transfected neurons.
ronal AMP levels (Hawley et al., 2003;
Woods et al., 2003) is the predominant
al., 2004). Therefore, the ability of AMPK to increase the capacity
factor regulating AMPK activity after glutamate excitation. Howfor glucose uptake via GLUT3 and other GLUT isoforms appears
ever, NO may also play a contributory role in the regulation of
to be influenced by the signal- and cell-specific factors.
AMPK activity, glucose uptake and glucose utilization during
On further analysis of both immunofluorescence and flow
excitotoxic injury (Bolaños et al., 2008).
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Role of AMPK in survival and
injury signaling
AMPK activity has been shown to be increased in neuronal tissue in response to
glucose deprivation, metabolic stress, hypoxia, and ischemia (Culmsee et al., 2001;
Gadalla et al., 2004; McCullough et al.,
2005). However, further studies may be required to determine whether increased
AMPK activity enhances neuronal survival
or injury (Culmsee et al., 2001; McCullough et al., 2005). Culmsee and et al.
showed that the transient activation of
AMPK with low concentrations of AICAR
(0.1 mM) protected hippocampal neurons
during glucose deprivation, metabolic, excitotoxic, and oxidative stress (Culmsee et
al., 2001). As the induction of AMPK activity has been linked to the preconditioning of cells against energetic stress (Peralta
et al., 2001; Sukhodub et al., 2007), Culmsee et al. may have inadvertently precondiFigure 8. Modulations in AMPK activity, glucose transport, and ⌬ in response to the energetic stress created by transient
tioned their neurons before stimulation by glutamate excitation. NMDA receptor activation induces a rapid influxmof Na ⫹ and Ca 2⫹ ions. The removal of these ions by
transiently increasing AMPK activity. In a membrane ATPases rapidly decrease cellular ATP levels altering the AMP:ATP ratio significantly. This alteration in the AMP:ATP
separate study, McCullough et al. (McCul- ratio and to a minor degree CAMKK activation lead to a rapid activation of AMPK. The activation of AMPK signaling pathway
lough et al., 2005) identified that the pro- facilitates the translocation of GLUT3 to the plasma membrane, increasing glucose uptake and its metabolism resulting in an
longed exposure of neurons to AICAR and increase in ⌬m and ATP production. The ability of neurons to recover an energetic equilibrium (ATP levels) appears to determine
the continuous activation of AMPK in- whether they will tolerate the excitotoxic event.
creased neuronal injury during ischemia
(see also Fig. 5D; supplemental Fig. 3, available at
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Weisová et al. • Excitotoxicity, AMPK Activation, and GLUT3
glucose uptake through 5⬘-AMP-activated protein kinase. Biochem J
384:629 – 636.
Concannon CG, Ward MW, Bonner HP, Kuroki K, Tuffy LP, Bonner CT,
Woods I, Engel T, Henshall DC, Prehn JH (2008) NMDA receptormediated excitotoxic neuronal apoptosis in vitro and in vivo occurs in an
ER stress and PUMA independent manner. J Neurochem 105:891–903.
Culmsee C, Monnig J, Kemp BE, Mattson MP (2001) AMP-activated protein kinase is highly expressed in neurons in the developing rat brain and
promotes neuronal survival following glucose deprivation. J Mol Neurosci 17:45–58.
Dahm R, Zeitelhofer M, Götze B, Kiebler MA, Macchi P (2008) Visualizing
mRNA localization and local protein translation in neurons. Methods
Cell Biol 85:293–327.
Delgado-Esteban M, Almeida A, Bolaños JP (2000) D-Glucose prevents glutathione oxidation and mitochondrial damage after glutamate receptor
stimulation in rat cortical primary neurons. J Neurochem 75:1618 –1624.
Emerling BM, Viollet B, Tormos KV, Chandel NS (2007) Compound C
inhibits hypoxic activation of HIF-1 independent of AMPK. FEBS Lett
581:5727–5731.
Fryer LG, Hajduch E, Rencurel F, Salt IP, Hundal HS, Hardie DG, Carling D
(2000) Activation of glucose transport by AMP-activated protein kinase
via stimulation of nitric oxide synthase. Diabetes 49:1978 –1985.
Fujii N, Jessen N, Goodyear LJ (2006) AMP-activated protein kinase and the
regulation of glucose transport. Am J Physiol Endocrinol Metab
291:E867–E877.
Gadalla AE, Pearson T, Currie AJ, Dale N, Hawley SA, Sheehan M, Hirst W,
Michel AD, Randall A, Hardie DG, Frenguelli BG (2004) AICA riboside
both activates AMP-activated protein kinase and competes with adenosine for the nucleoside transporter in the CA1 region of the rat hippocampus. J Neurochem 88:1272–1282.
Gilley J, Coffer PJ, Ham J (2003) FOXO transcription factors directly activate bim gene expression and promote apoptosis in sympathetic neurons.
J Cell Biol 162:613– 622.
Greer EL, Oskoui PR, Banko MR, Maniar JM, Gygi MP, Gygi SP, Brunet A
(2007a) The energy sensor AMP-activated protein kinase directly regulates the mammalian FOXO3 transcription factor. J Biol Chem
282:30107–30119.
Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K, Blanchard D, Gygi
SP, Brunet A (2007b) An AMPK-FOXO pathway mediates longevity induced by a novel method of dietary restriction in C. elegans. Curr Biol
17:1646 –1656.
Guigas B, Taleux N, Foretz M, Detaille D, Andreelli F, Viollet B, Hue L (2007)
AMP-activated protein kinase-independent inhibition of hepatic mitochondrial oxidative phosphorylation by AICA riboside. Biochem J
404:499 –507.
Hansford RG (1994) Physiological role of mitochondrial Ca2⫹ transport.
J Bioenerg Biomembr 26:495–508.
Hardie DG, Hawley SA, Scott JW (2006) AMP-activated protein kinase–
development of the energy sensor concept. J Physiol 574:7–15.
Hawley SA, Boudeau J, Reid JL, Mustard KJ, Udd L, Mäkelä TP, Alessi DR,
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