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The preconditioning response conferred by a mild uncoupling of the mitochondrial membrane potential
(Δψm) has been attributed to altered reactive oxygen species (ROS) production and mitochondrial Ca2+ up-
take within the cells. Here we have explored if altered cellular energetics in response to a mild mitochondrial
uncoupling stimulus may also contribute to the protection. The addition of 100 nM FCCP for 30 min to cere-
bellar granule neurons (CGNs) induced a transient depolarization of the Δψm, that was sufficient to signifi-
cantly reduce CGN vulnerability to the excitotoxic stimulus, glutamate. On investigation, the mild
mitochondrial ‘uncoupling’ stimulus resulted in a significant increase in the plasma membrane levels of the
glucose transporter isoform 3, with a hyperpolarisation of Δψm and increased cellular ATP levels also evident
following the washout of FCCP. Furthermore, the phosphorylation state of AMP-activated protein kinase
(AMPK) (Thr 172) was increased within 5 min of the uncoupling stimulus and elevated up to 1 h after wash-
out. Significantly, the physiological changes and protection evident after the mild uncoupling stimulus were
lost in CGNs when AMPK activity was inhibited. This study identifies an additional mechanism through which
protection is mediated upon mild mitochondrial uncoupling: it implicates increased AMPK signalling and an
adaptive shift in energy metabolism as mediators of the preconditioning response associated with FCCP-
induced mild mitochondrial uncoupling.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Mitochondria have long been recognized as the key site for oxida-
tive phosphorylation and ATP production within cells, however, in re-
cent years much more research has focused on their roles in cellular
life/death decisions [1]. It is generally accepted that the mitochondrial
membrane potential (Δψm) is an important factor in the maintenance
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of cellular energy and ion homeostasis, and that mitochondria ‘buffer’
cytosolic Ca2+ elevations by a Δψm dependent uptake of Ca2+ into
mitochondria [2,3].

Neurotoxicity resulting from glutamate receptor over-activation
(‘excitotoxicity’) has been linked to the pathophysiology of several
acute and chronic neurological disorders [4]. Excitotoxic injury is pre-
dominantly mediated by the activation of Ca2+ permeable N-methyl-
D-aspartate (NMDA) receptors. The Δψm dependent uptake of Ca2+

into the mitochondrial matrix has been shown to greatly reduce
cytosolic Ca2+ elevations during excitotoxic injury [5-7]. Interestingly,
it has been shown that a controlled depolarization of Δψm by
administration of respiratory chain inhibitors or by ‘mitochondrial
uncoupling’ using the protonophore carbonyl cyanide p-(tri-
fluromethoxy) phenyl-hydrazone (FCCP), is able to delay or inhibit
excitotoxic injury [5,6,8]. This protection is evident despite increased
cytosolic Ca2+ levels in response to these treatments [5,6]. ‘Mild
mitochondrial uncoupling’ has also been suggested to be of potential
therapeutic value in disorders where energy stress is known to have a
major role, including ischemic stroke [9-11]. Such interventions have
been shown to protect different cell types against stimuli that would
otherwise be lethal by decreasing mitochondrial Ca2+ uptake and by
inducing a mild oxidative stress within the cell [12-14]. However, it is
not known whether energy sensing pathways in addition to inhibition
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ofmitochondrial Ca2+ uptake or reactive oxygen species (ROS) produc-
tion may also contribute to the protective effects of mild mitochondrial
uncoupling.

A number of energy sensing pathways have been shown to be ac-
tivated in response to mild mitochondrial uncoupling [13,15-17].
These pathways alter energy metabolism by stimulating glucose up-
take, the oxidation of NADH, and promoting respiratory activity
[15,17]. The ancient energy sensor, AMP-activated protein kinase
(AMPK) has been shown to be activated in neurons in response to is-
chemia, glucose deprivation, and hypoxia, i.e. in models where ener-
getic stress is known to contribute to injury [18-22]. Indeed, we have
previously shown that excitotoxic injury acutely depletes cellular ATP
levels, activating AMPK and resulting in an increase in glucose uptake
and utilization [20]. Moreover, we observed that the duration and
level of the AMPK activity within a cell following energetic stress
may be pivotal in determining if a cell can tolerate a stimulus, or if
the cell enters cell death when AMPK activity is over–activated
[21,23].

Here we have investigated the role of AMPK signalling and altered
cellular energetics in the preconditioning response associated with
‘mild mitochondrial uncoupling’ in response to FCCP. We have identi-
fied that primary neurons with modest changes in mitochondrial
function were protected from excitotoxic injury, and that an increase
in AMPK activity was required for this process.
2. Experimental procedure

2.1. Materials

Fetal calf serum and minimal essential mediumwere from Invitro-
gen (Bio Sciences, Dun Laoghaire, Ireland). Glutamate, glycine, FCCP,
and rotenone were from Sigma Aldrich (Tallaght, Dublin, Ireland).
Fluo-4 acetoxymethyl ester (Fluo-4 AM) and tetramethylrhodamine
methyl ester (TMRM) were purchased from Invitrogen (Bio Sciences,
Dun Laoghaire, Ireland). Compound C was obtained from Calbiochem
(Merck Biosciences, Nottingham, UK). Aminoimidazole carboxamide
ribonucleotide (AICAR) was from Cell Signaling (Isis, Wicklow,
Ireland).
2.2. Preparation of primary cerebellar granule neurons

Cerebellar granule neurons (CGNs) were prepared as described
previously [24]. Cells were plated on poly-L-lysine-coated glass Willco
dishes (Amsterdam, The Netherlands), 6-well and 24-well plates. The
following plating volumes were used for this study: 2 Millions/well in
6 well plates for Western blotting; 750,000/well in 24 well plates for
ATP assays and GLUT3 translocation assays on the flow cytometer;
1 Millions/well on Willco dishes for confocal imaging studies. Cul-
tures were maintained at 37 °C in a humidified atmosphere of 5%
CO2/95% air. Cells were pre-treated with FCCP at day 7 in culture.
All animal work was carried out with ethical approval from the RCSI
and under licenses by the Irish Department of Health and Children.
2.3. Determination of cellular injury—Hoechst staining of nuclear chromatin

Neurons cultured on 24-well plates were stained live with
Hoechst 33258 (Sigma) at a final concentration of 1 μg/ml following
treatments. After incubation for 10–15 min in dark, nuclear morphol-
ogy was observed using an Eclipse TE 300 inverted microscope
(Nikon, Dusseldorf, Germany) and a 20× or 40× dry objective. For
each time point and treatment cells were analyzed for pyknotic nuclei
morphology in four subfields of each cell culture (up to 2000 cells per
time point). All experiments were performed at least three times with
similar results.
2.4. Characterization of changes in Ca2+ dynamics and Δψm by confo-
cal microscopy

CGNs on Willco dishes were loaded with 20 nM TMRM or with
100 nM TMRM for the detection of membrane potential changes in
response to FCCP (Ward et al. [24]). CGNs were exposed to different
FCCP concentrations in the presence of TMRM to monitor changes
in Δψm. The entire volume of the medium was exchanged. For
TMRM and Ca2+ imaging experiments, cells were co-loaded with
100 nM TMRM and Fluo-4 AM (3 μM) 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 glu-
cose at pH 7.4. The Willco dishes with cells were mounted in a non-
perfusion (37 °C) holder and placed on the stage of an LSM 510
Meta confocal microscope (Zeiss, Oberkochen, Germany). CGNs
were exposed to severe energetic stress by addition of glutamate
and glycine (100 and 10 μM for 10 min) on stage of the LSM 510 mi-
croscope. Fluo-4 AM (kDa for Ca2+: 345 nM) was excited at 488 nm,
and the emission was collected through a 505–550 nm barrier filter;
TMRMwas excited at 543 nm and the emission was collected through
a 560 nm long-pass filter. Images were taken in 1–2 min intervals and
the resulting fluorescent images processed using MetaMorph Soft-
ware version 7.1, release 3 (Molecular Devices, Berkshire, UK). For
evaluation of Δψm a region of interest (ROI) was marked around the
whole cell and the integrated total flourescence intensity measured
and analyzed using Metamorph software. The initial values of base-
line in each experiment were averaged and this value was normalized
to 100% to allow for a comparison of responses between cells and
experiments.

2.5. Western blotting

Preparation of cell lysates and Western blotting was carried out as
described previously [20]. Blots were probed with a rabbit polyclonal
antibody against phospho-Thr 172-AMPK (Cell Signaling, Isis, Ireland;
1:1,000); a rabbit polyclonal total AMPKα (Cell Signaling, 1:1000) at
4 °C overnight or a mouse, monoclonal anti-β-actin antibody (Sigma ;
1:5000) for 1 h at room temperature. Membranes were washed with
Tris-buffered saline solution containing 0.1% Tween-20 three times
for 10 min. Immunoreactivity was detected with anti-mouse or anti-
rabbit peroxidase-conjugated secondary antibodies (1:5000, Pro-
mega, Madison, WI) for 2 h at room temperature. Blots were washed
and developed using ECL chemiluminescence detection reagent
(Amersham Biosciences, Buckinghamshire, UK). Images were ac-
quired using a FujiFilm LAS-3000 imaging system (Fuji, Sheffield, UK).

2.6. Immunocytochemistry

For immunofluorescence analysis, cells were fixed on Willco
dishes with formalin, washed three times with PBS, and then incubat-
ed with blocking solution (PBS with 20% fetal calf serum and 1% BSA)
for 1 h at room temperature. Surface levels of GLUT 3 were detected
using a rabbit polyclonal anti-GLUT 3 antibody (Millipore, Abcam).
The antibody was used at a concentration of 1:250 in PBS containing
20% horse serum and 1% BSA. After incubation, cells were washed
twice with PBS and incubated with Alexa Fluor 488 goat anti-rabbit
IgG (H+L) antibody (Molecular Probes, Invitrogen, Oregon) diluted
1:250. The secondary antibody was detected using confocal microsco-
py as described above.

2.7. Flow cytometry analysis of plasma membrane GLUT 3 levels

CGNs were harvested from 24 well plates following FCCP pre-
treatment (100 nM for 30 min and left for recovery in media for a
time indicated) and fixed in 1% formalin for 20–25 min at 4 °C. After
incubation with the GLUT 3 antibody (1: 250) diluted in PBS+0.1%
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BSA for 1 h, cells were washed and incubated with an Alexa Fluor 488
goat anti-rabbit IgG (H+L) antibody (Molecular Probes, Invitrogen)
diluted 1:250 for 1 h. To confirm the specificity of the staining cells
were incubated with secondary antibody only. After washing cells
three times with PBS+0.1% BSA, samples were analyzed by flow cy-
tometry on a Partec CyFlow ML (Partec, Münster, Germany) followed
by analysis using FloMax software. In all cases, a minimum of 104

events were acquired.

2.8. Measurement of ATP levels

CGNs were maintained on poly-L-lysine (5 μg/ml)-coated 24-well
plates for 7 days before use. CGNs were treated and allowed to recov-
er as indicated in the Results section. Lysis of CGNs was performed
with a hypotonic lysis buffer (Tris-acetate buffer, pH 7.75). Sample
from CGNs (100 μl) and 100 μl of the luciferin-luciferase reaction kit
(ENLITEN ATP Assay System Bioluminescence Detection kit; Promega,
Southampton, UK) were reacted to quantify ATP levels. The content of
ATP was determined by a concentration standard curve, and ATP
levels were normalized according to the protein concentration for
each sample (μmol ATP/mg protein).

2.9. Statistics

Data are presented as means±SEM. For statistical comparison, t-
test or one-way analysis of variance and post-hoc Tukey's test were
employed using SPSS software (SPSS GmbH Software, Munich, Ger-
many). p-values less than 0.05 were considered to be statistically
significant.

3. Results

3.1. Alterations in mitochondrial bioenergetics in response to a mild mi-
tochondrial uncoupling stimulus

The partial uncoupling of Δψm has been shown to be protective in
models were energetic stress is believed to play a significant role
[9,14,17]. We utilized the protonophore FCCP, a potent ‘uncoupler’
of mitochondrial oxidative phosphorylation that dissipates Δψm, to
establish a model of ‘mild mitochondrial uncoupling’. Neurons were
pre-loaded for 30 min with the potential-sensitive cationic dye
TMRM to assess changes in Δψm. TMRM was used either at a concen-
tration of 100 nM (presumed ‘quenched’ mode) or 20 nM (presumed
‘non-quenched’ mode) [24,25]. Treatment of CGNs that were pre-
loaded with 100 nM TMRM showed a stable baseline fluorescence, in-
dicating full equilibration of TMRM (Fig. 1A and B, stage I). Neurons
were then exposed to 100 nM FCCP for 30 min with TMRM present
during the treatment. Treatment with 100 nM FCCP has resulted in a
rapid, transient increase inwhole cell TMRM fluorescence (‘de-quench-
ing’) reflective of a depolarisation of Δψm due to net movement of
quenched TMRM from the mitochondrial matrix into the cytosol
(Fig. 1A and B, stage II). Interestingly this FCCP-induced depolarization
of Δψm was paralleled by a rapid spike in cytosolic Ca2+, determined
with the Ca2+ indicator Fluo-4 (Fig. 1C). In contrast, the addition
of 1 μM FCCP resulted in a rapid and almost complete depolariza-
tion of Δψm (Fig. 1A and B stage IV/V) that was followed closely
by a loss of Ca2+ homeostasis within the cells (Fig. 1C). The non-
quenched mode, can often be utilized to more accurately monitor
both hyperpolarizations and depolarizations of Δψm therefore, neu-
rons were also loaded with 20 nM TMRM. The addition of 100 nM
FCCP induced a decrease in TMRM fluorescence (Fig. 1 D, E and F)
again indicating a depolarization of Δψm which remained constant
for the duration of the FCCP exposure. Significantly, upon removal
of the stimulus TMRM fluorescence recovered to a level above base-
line indicating that Δψm hyperpolarizes following the transient
uncoupling stimulus (Fig. 1 D, E and F).
3.2. A mild mitochondrial uncoupling provides protection to neurons
against glutamate induced energetic stress (excitotoxicity)

In order to identify if ‘mild mitochondrial uncoupling’ precondi-
tioned (protected) cells against a subsequent ‘toxic’ insult we utilized
a model of glutamate induced injury that has been extensively char-
acterized by us previously [7,20,21,24,26]. We first established that
a stimulation of CGNs with 100 nM FCCP for 30 min did not induce
a significant level of injury (Fig. 2A). Of note, an incubation of CGNs
with 1 μM FCCP (a concentration that induced an almost complete de-
polarization of Δψm) for 30 min resulted in 68.6±1.5% cell death
within a 24 h period.

Next, CGNs were pre-treated with FCCP (100 nM for 30 min) and
allowed to recover for a period of 1 h. Cells were then stimulated
with glutamate and glycine (100 μM/10 μM) for 10 min and cell
death was assayed after 24 h (Fig. 2B). The pre-treatment of the
CGNs cultures with 100 nM FCCP induced on average 31.5±8.0%
less cell death than that identified in cells pre-treated with vehicle
(Fig. 2C, D). Interestingly, protection was still evident 72 h after the
glutamate stimulus indicating that the preconditioning response pro-
vided long-lasting protection rather than delaying the onset of injury
to a later time point (Suppl Fig. 1). In order to understand the precon-
ditioning response further, CGNs were exposed to glutamate at 1, 4
and 24 h after the FCCP-preconditioning stimulus, and the cell death
assayed for each stimulus after an additional 24 h (Fig. 2E). We
found that the protective response induced by the mild uncoupling
stimulus was transient and no longer evident after 24 h of FCCP wash-
out (Fig. 2E).

We next investigated alterations in cytosolic Ca2+ levels in neu-
rons exposed to glutamate following the mild uncoupling stimulus.
In agreement with a previous report [6], we detected that FCCP-
preconditioned neurons displayed significantly elevated cytosolic
Ca2+ levels at baseline as well as during and 20 min following gluta-
mate exposure when compared to vehicle-pre-treated controls
(Fig. 3A–C). Interestingly, on examination of mitochondrial
bioenergetics using 20 nM TMRM at a single cell level in neurons
pre-treated with FCCP, a significant increase in the baseline TMRM
fluorescence was identified in cells pre-treated with FCCP compared
to non-treated (Fig. 3D–F). In contrast to the experiments using
FCCP alone shown in Fig. 1D, we observed a transient de-quenching
of TMRM fluorescence in response to glutamate. TMRM fluorescence
changes induced by glutamate may also be sensitive to changes in
plasma membrane potential or mitochondrial volume [25,26].

3.3. Mild mitochondrial uncoupling induces activation of AMPK, in-
creased expression of GLUT3 at the plasma membrane and increased in-
tracellular ATP levels

In a previous investigation we found that AMPK became activated
following an excitotoxic stimulus and that this elevation in AMPK ac-
tivity was closely linked to increased glucose transporter 3 (GLUT 3)
cell surface expression, a hyperpolarization of Δψm, and increased
ATP availability in neurons tolerant to the glutamate toxicity [20].
Therefore, we wished to establish if similar signalling pathways
were activated in the model of mild mitochondrial uncoupling de-
scribed above.

On examination, the phosphorylation status of AMPK (Thr172) was
found to be increased significantly 5 min after a preconditioning expo-
sure to FCCP (100 nM), with the phosphorylation state continuing to in-
crease up to 30 min after the addition of FCCP (Fig. 4A). As positive
controls, neuronswere also exposed to the pharmacological AMPK acti-
vator, AICAR (2.5 mM, 60 min), and to the complex I inhibitor, rotenone
(5 nM, 30 min) [27,28]. The increase in AMPK signalling following the
addition of FCCP was associated with an increase in GLUT 3 expression
at the plasmamembrane (Fig. 4B and C), a response that could bemim-
icked by the stimulation of AMPK activity with AICAR (Fig. 4B and C).



Fig. 1. Model of FCCP-induced ‘mild mitochondrial uncoupling’. A–C) CGNs were loaded with TMRM (100 nM) and Fluo-4 (3 μM for 30 min at 37 °C) prior to stimulation with
100 nM FCCP for 30 min followed by a sequential addition of a fully depolarizing concentration of FCCP (1 μM) and monitored over time on a Zeiss LSM 510 confocal microscope.
A) Representative traces for TMRM fluorescence in quenched mode (100 nM) in neurons prior to and during the 2 additions of FCCP as described above. B) Quantification of the
TMRM at different stages of FCCP treatment as indicated in A (I, II, III, IV and V). Data are presented as mean±SEM. *pb0.01 represents difference between I and II, III, IV.
#pb0.001 is difference between stages I and V. C) Representative traces for Fluo-4 AM fluorescence in neurons prior to and during stimulation with varying FCCP concentrations
(100 nM for 30 min and 1 μM FCCP). D, E) CGNs were loaded with a non-quenching concentration of TMRM (20 nM) prior to the addition of vehicle of 100 nM FCCP and Δψm was
monitored over time on a Zeiss LSM 510 confocal microscope. *pb0.001 difference between vehicle pre-treated (n=21) and FCCP pre-treated (n=26) neurons. F) Representative
images of TMRM fluorescence in FCCP pre-treated neurons. Bar, 30 μm.

747P. Weisová et al. / Biochimica et Biophysica Acta 1817 (2012) 744–753
Furthermore cellular ATP levels were found to have a marked increase
1 h following FCCP (100 nM) washout (Fig. 4D). Conversely, the expo-
sure of neurons to a toxic FCCP concentration (1 μM) induced a pro-
longed ATP depletion (Fig. 4D). This data indicated that the
preconditioning of neurons through mild mitochondrial uncoupling
(FCCP) results in an activation of signalling pathways that increase cel-
lular energetics within the cell. Interestingly acute treatment with
AICAR led to only a modest increase in cellular ATP levels after 30 min
of treatment (Fig. 4D), which quickly returned to baseline levels after
60 min (Fig. 4D) of AICAR treatment.
Previously, a recovery in ATP levels has been reported following
a mild mitochondrial uncoupling stimulus in fibroblasts which was
accompanied by an increase in mitochondrial mass and an induc-
tion of genes related to mitochondrial energy metabolism [29]. To
determine whether increased ATP availability observed in our
model of mitochondrial uncoupling was related to changes in
selected genes believed to play a role in cellular metabolism (glyco-
lytic flux and mitochondrial metabolism), we examined mRNA
levels of several key enzymes and transporters (Suppl Fig. 2). No
major increase in expression levels for a range of genes involved



Fig. 2. ‘Mild mitochondrial uncoupling’ of CGN cultures with FCCP provides acute protection against glutamate overexcitation. A) CGNs were treated with FCCP (100 nM or 1 μM) for
30 min. The compound was washed off and viability examined after 24 h. Nuclei were stained with Hoechst 33358 (1 μg/ml) with uniformly stained nuclei counted as healthy (vi-
able neurons) and condensed nuclei counted as apoptotic (n=3 experiments in triplicate) *pb0.001 difference between 100 nM and 1 μM FCCP. B) Flowchart depicting the exper-
imental conditions used; CGNs were pre-stimulated for 30 min with FCCP (100 nM) in media, the cells were washed and 60 min later stimulated with glutamate (glutamate/glycine
100 μM/10 μM). Injury in the cultures was assessed after 24 and 72 h. C) The viability of CGNs was measured using Hoechst staining in cultures pre-treated with vehicle or FCCP and
stimulated with glutamate. (n=5) *pb0.05 difference between CGN cultures pre-treated with FCCP compared to vehicle-treated cultures. D) Hoechst staining in CGN cultures 24 h
after cells were exposed to vehicle or 100 nM FCCP (left panel) or pre-treated with vehicle or 100 nM FCCP and exposed to glutamate for 10 min (right panel). Bar, 40 μm. E) CGNs
were preconditioned with FCCP (100 nM for 30 min) and exposed to glutamate/glycine (10 min) at 1, 4 and 24 h after the stimulus. Twenty four hours after each of the excitation
timepoint cellular viability was determined by Hoechst staining of condensed pyknotic nuclei and imaged using an Eclipse TE 300 inverted microscope (Nikon, Germany). Data are
presented as mean±SEM with experiments repeated twice in quadruplicate (n=8).
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in cellular metabolism was observed, particularly 1 h following the
FCCP treatment where many of the major physiological changes
were evident (Suppl Fig. 2), however a moderate increase in hexo-
kinase II (hkII) expression could be detected 1 h following FCCP
treatment (Suppl Fig. 2).
3.4. Mild mitochondrial uncoupling stimulus accelerates the recovery of
cellular ATP in response to glutamate excitation

We next investigated whether preconditioning with FCCP led to
improved cellular bioenergetics during and following glutamate exci-
tation in CGNs. Interestingly, we observed that preconditioning with
FCCP failed to alter the acute decrease in ATP levels in response to
glutamate, but accelerated the recovery of cellular ATP levels 90 min
after termination of glutamate excitation (Fig. 5). These data sug-
gested that the preconditioning effect of FCCP increased the ability
of CGN to cope with increased energy demands.
3.5. Inhibition of AMPK during a mild mitochondrial uncoupling stimulus
re-sensitizes CGNs to glutamate excitotoxicity

In order to determine if AMPK activity did indeed regulate the pre-
conditioning response identified following a ‘mild mitochondrial
uncoupling’ stimulus, CGN cultures were also incubated with com-
pound C, a known inhibitor of AMPK signalling [20,30,31] during
the preconditioning stimulus. FCCP-induced mitochondrial uncou-
pling induced a robust increase in the phosphorylation state of
AMPKα (Thr172) (Fig. 6A). Significantly, on examination of AMPK
phosphorylation by Western blot analysis in cultures co-incubated
with compound C and FCCP, we found that AMPKα (Thr172) phos-
phorylation levels were greatly reduced and similar to that of vehi-
cle-treated cultures (Fig. 6A). A densitometric analysis of the
phospho-(Thr172) AMPK levels further highlighted this inhibitory ef-
fect (Fig. 6B). Furthermore in neuronal cultures co-incubated with
compound C and FCCP the increase in GLUT 3 surface expression
was lost (Fig. 6C), as was the increase in baseline TMRM fluorescence

image of Fig.�2


Fig. 3. Increase in [Ca2+]c and mitochondrial membrane potential in FCCP-pre-treated CGNs during glutamate excitation. A) CGNs pre-treated with vehicle or B) FCCP (100 nM
30 min) were loaded with Fluo-4 AM (3 μM) for 30 min at 37 °C in dark prior to stimulation with glutamate/glycine (100 μM/10 μM for 10 min) and cytosolic Ca2+ responses
were monitored over time on a Zeiss LSM 510 confocal microscope. Traces are representative of responses from 3 separate experiments. C) Average Fluo-4 AM peak area in vehicle
pre-treated and FCCP pre-treated neurons following glutamate excitation represented as mean±SEM. *pb0.001 difference between vehicle pre-treated (n=19) and FCCP pre-
treated (n=25) neurons. Data are from n=3 separate experiments with 6–12 neurons in a single field. D) CGNs pre-treated with vehicle or E) FCCP (100 nM for 30 min) pre-
treated neurons were loaded with TMRM (20 nM) prior to exposure to excitotoxicity (glutamate/glycine 100 μM/10 μM for 10 min) and Δψm was monitored over time on a
Zeiss LSM 510 confocal microscope. F) Average TMRM fluorescence in vehicle pre-treated and FCCP pre-treated neurons following glutamate excitation represented as mean±
SEM. *pb0.001 difference between vehicle pre-treated (n=23) and FCCP pre-treated (n=31) neurons. Data are from n=3 separate experiments each with 7–12 neurons in a
single field.
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(Fig. 6D). Treatment with compound C also reduced the FCCP-
induced increase in ATP availability (Fig. 6E) after 1 h of precondi-
tioning. Most significantly, the uncoupling induced neuroprotection
response was also lost in those CGN cultures co-incubated with
FCCP and compound C prior to glutamate excitation (Fig. 6F).

4. Discussion

In this study a ‘mild mitochondrial uncoupling’ stimulus induced
by low concentrations of FCCP has been shown to be sufficient to
induce a rapid activation of AMPK in primary neurons. Furthermore,
our data has provided evidence that the neuroprotection against glu-
tamate excitotoxicity achieved through FCCP preconditioning re-
quired AMPK signalling.

The idea that mild mitochondrial uncoupling could be important
in neuronal survival has been previously supported by several other
observations [11-13,15,17,32,33]. Some pioneering work of Nicholls
and co-workers [5,34,35] as well as Reynolds and co-workers [6] sug-
gested that a controlled decrease in Δψm is able to diminish a detri-
mental Ca2+ influx during an excitotoxic insult. Further studies

image of Fig.�3
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went on to show that partial uncoupling of mitochondria decreased
loading of Ca2+ to the mitochondria and inhibited cell death induced
by excitotoxicity [6,36]. Much research has focused on the association
of such preconditioning responses with oxidative stress signalling
within the cell [13,32,37]. While the role of oxidative stress in precon-
ditioning responses is well established in the field, other work by
Nicholls and co-workers has suggested that oxidative stress may not
be essential to the development of injury during periods of energetic
stress [38,39].
Fig. 5. ‘Mild mitochondrial uncoupling’ with FCCP accelerates the recovery of cellular
ATP in response to glutamate excitation. CGNs were treated with FCCP (100 nM for
30 min followed by 1 h recovery), and then exposed to glutamate. Controls were
sham-exposed. ATP levels (μmol ATP/ mg protein) were determined 30 min and
90 min after termination of the glutamate. Data are presented as mean±SEM with ex-
periments repeated twice in triplicate (n=6).
Here we hypothesised that the induction of a mild energetic stress
could be an adaptive response, activating compensatory energetic
pathways that prevent against ATP loss during a subsequent severe
energetic stress such as that evident during glutamate toxicity. On ex-
amination of previously published data by others using similar cellu-
lar systems [27,39] we successfully established a model where Δψm

and cell survival were not significantly inhibited by mild mitochon-
drial ‘uncoupling’ with FCCP. Addition of 250 nM FCCP has been
shown to be sufficient to induce uncontrolled respiration in cerebellar
granule neurons [39], and FCCP concentrations between 10 and
100 nM increased respiration and produced changes in Δψm almost
below detection level (2–5 mV) [39]. Guided by these previous obser-
vations, we found that a transient uncoupling of respiration with
100 nM FCCP was sufficient to induce significant neuroprotection
against glutamate toxicity (Fig. 2). However, when considering the
use of FCCP as a preconditioning agent, it is important to note that ex-
cessive uncoupling may prove to be detrimental to cellular viability
[26]. Furthermore, it should be noted that the timing of the precondi-
tioning stimulus is of critical importance. For example it has been
shown that even a ‘mild respiratory inhibition’ using rotenone poten-
tiates and accelerates cell death when performed during an acute ex-
posure to glutamate [27].
Fig. 4. ‘Mild mitochondrial uncoupling’ increases AMPK activation, cell surface glucose
transporter isoform 3 expression and cellular ATP levels. A) CGN cultures were treated
with FCCP (100 nM) for 5 or 30 min, lysed, and the phosphorylation status of AMPK
(Thr 172) examined by Western blotting. Treatment with the complex I inhibitor rote-
none (5 nM, 30 min) and the AMPK activator AICAR (2.5 mM, 60 min) served as addi-
tional positive controls. The observed responses are similar to that obtained in 2
separate experiments. Actin was used as a loading control. B) Immunofluorescence of
the cell surface expression of GLUT 3 in vehicle- and 100 nM FCCP-treated neurons
(30 min treatment). Nuclei were stained with Dapi (blue) and an Alexa Fluor 488-
labeled secondary antibody (green) was used to visualize GLUT 3 expression. AICAR
(2.5 mM for 60 min) treated neurons served as an additional positive control. Bar,
20 μm. C) Population analysis (flow cytometry analysis) of GLUT 3 surface expression
for vehicle and neurons treated with FCCP after 30 min of treatment. Data presented
as mean±SEM. pb0.001 difference between vehicle-treated neurons and neurons
30 min post-FCCP treatment. Experiments were carried out in triplicate from 3 sepa-
rate cultures and data presented as mean±SEM. For flow cytometry experiments a
minimum of 104 events were collected per sample. Scale is shown from 80 to 160%
to highlight the differences between groups. D) Neurons were lysed and their ATP con-
tent measured (μmol ATP/mg protein) 60 min after a 30 min pre-treatment with
100 nM FCCP, or 30 and 60 min after treatment with AICAR (2.5 mM). Treatment
with FCCP at a concentration of 1 μM for 90 min served as a positive control for decline
in ATP levels. Data are presented as mean±SEM with experiments repeated twice in
triplicate (n=6).
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Fig. 6. ‘Mild mitochondrial uncoupling’ induced activation of AMPK, cellular preconditioning and its adaptative molecular events are suppressed by the AMPK inhibitor Compound
C. A) Western blot analysis of AMPK activity (Thr 172) in vehicle-treated and FCCP-treated (100 nM for 30 min) neurons in the presence or absence of the AMPK inhibitor Com-
pound C (10 μM) at indicated time points (5 min, 1 h and 4 h). Actin was used as loading control. B) Densitometric analysis of pAMPK (Thr 172) normalized to loading control
and represented as % of vehicle-treated CGNs. Data are represented as mean±SEM. *pb0.001 difference between vehicle-treated and FCCP pre-treated neurons at time points in-
dicated. #pb0.05 difference between vehicle-treated neurons vs FCCP-treated neurons; both in the presence of Compound C. C) Immunofluorescence analysis of GLUT 3 surface
expression in Control and FCCP (100 nM for 30 min followed by 1 h recovery) treated CGNs+/−Compound C (10 μM). Data presented as mean±SEM. Experiments were carried
out in triplicates. Data are presented as mean±SEM with experiments repeated twice in triplicate (n=6). Scale is shown from 80 to 140% to highlight the differences between
groups. D) Average TMRM fluorescence in vehicle, FCCP or Comp C plus FCCP pre-treated neurons stimulated with glutamate (100 μM/10 μM glutamate/glycine for 10 min) and
monitored over time on a Zeiss LSM 510 confocal microscope. Data are represented as mean±SEM. *pb0.001 difference between vehicle-treated and FCCP pre-treated neurons
in baseline and recovery period indicating hyperpolarization of Δψm.. #pb0.05 difference between FCCP pre-treated vs Comp C plus FCCP pre-treated cultures in baseline and re-
covery period indicating suppression of FCCP mediated hyperpolarization of Δψm. E) CGNs were treated with FCCP (100 nM for 30 min followed by 1 h recovery) +/− Compound C
(10 μM) and ATP levels were determined (μmol ATP/mg protein). Data are presented as mean±SEM with experiments repeated twice in triplicate (n=6). F) Cellular viability at
24 h for vehicle or FCCP-treated CGN cultures stimulated with glutamate in the presence and absence of compound C (10 μM). Viability was assayed with Hoechst 33358 (1 μg/ml).
Data are presented as mean±SEM *pb0.01, difference between vehicle and FCCP/glutamate treated neurons. N.S. No significant difference was found between vehicle-pre-treated
CGNs stimulated with glutamate and CGN cultures co-treated with FCCP vs Compound C and excited with glutamate.
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The present study also investigated the possible effects ofmildmito-
chondrial uncoupling on downstream molecular signalling events. An
association of AMPK with cellular protection has already been sug-
gested in previous studies [19,40-42] with AMPK believed to be respon-
sible for enhanced glucose uptake [20,43-45], and the stimulation of
glucose utilization and glycolysis through the activation of 6-
phosphofructo-2-kinase [16]. Glucose tranport is facilitated through
AMPK by the activation of different glucose tranporters with GLUT 3
referred to as the neuron specific glucose transporter [46]. Previous
work in this laboratory has shown a significant increase in GLUT 3 sur-
face expression in cerebellar granule neurons following a 30-minute ex-
citation with glutamate, and identified the importance of AMPK
activation of GLUT 3 in mediating a tolerance to excitotoxicity [20]. It
was also suggested that mild metabolic stress stimulated GLUT 1 ex-
pression, glucose utilization and prevented NAD+ depletion in neurons,
and this in turn protected neurons against energetic stress induced by
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excitotoxicity [17]. Interestingly, in non-neuronal cells inhibition of mi-
tochondrial respiration by nitric oxide (NO) stimulates GLUT 3 mediat-
ed glucose uptake through AMPK [45,47], thus affording cytoprotection
against energy failure. Moreover, in perfused rat hearts anaerobic con-
ditions or inhibitors of oxidative phosphorylation induced AMPK activa-
tion, and this was shown to phosphorylate and activate PFK-2, a potent
stimulator of glycolysis [16]. In view of the similarities betweenmodels
of mild uncoupling and other models of mitochondrial inhibition/an-
aerobic conditions [16,47], it is tempting to suggest that various types
of mild mitochondrial stress can stimulate similar molecular pathways
converging on the activation of AMPK.

Indeed, inhibition of AMPK signalling with compound C during the
mild mitochondrial uncoupling stimulus abolished the neuroprotec-
tion afforded by FCCP preconditioning in our study. Unfortunately
due to the transient nature (30 min exposures) of many of the exper-
iments carried out in this study and the fact that prolonged AMPK ac-
tivation also contributes to excitotoxic cell death [21], experiments
utilizing genetic approaches to silence AMPK gene expression during
and after the preconditioning stimulus were not feasible. It is also im-
portant to note that additional signalling pathways induced by FCCP
preconditioning may have played important additional roles in stim-
ulating ATP production, as treatment with AICAR per se increased
AMPK activation and GLUT3 translocation, but only had a very mild
effect on cellular ATP levels. These experiments suggested that
AMPK is necessary, but not sufficient to stimulate ATP production in
response to FCCP preconditioning. In other studies the role of endog-
enous uncoupling proteins (UCPs), in particular of UCP2, were
reported to be neuroprotective in ischemia [13,33]. A role for UCPs
in other neurological disorders and during ageing has also been
reported [12,13]. The UCP isoform 4 has likewise been shown to mod-
ulate neuronal energy metabolism by increasing glucose uptake,
thereby maintaining neuronal ATP levels [15]. Mitochondrial uncou-
pling is also linked to caloric restriction and the increased longevity
of organisms [48-50]. Indeed it is now apparent that further studies
are required to explore the role of AMPK in these processes.
4.1. Conclusion

Taken together our study indicates that preconditioning through
‘mild mitochondrial uncoupling’ with FCCP can serve as an inducer of
protective compensatory mechanisms in neurons by preventing energy
loss and upregulating cellular energetic flux. This preconditioning re-
sponse may work in concert with other mechanisms such as increased
ROS formation or decreased mitochondrial Ca2+ uptake, and requires
the activation of AMPK, enabling an adaptive shift in energymetabolism
of cells that protects against a subsequent toxic stimulus.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.bbabio.2012.01.016.
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