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Figure 5.

Intracellular glucose is increased in single neurons after transient NMDA receptor-mediated excitotoxicity. A, B, The glucose-FRET-based reporter used in single-cell experiments is a

reporter of intracellular glucose concentration. 4, Binding of glucose to the glucose— galactose hinding protein increases the fluorescence ratio of FRET/CFP (Takanaga et al., 2008). B, Increasing the
extracellular glucose concentration increased the emitted fluorescence ratio in cortical neurons, indicating the suitability of the glucose-FRET probe to report intracellular glucose levels. C, D,
Glutamate induced a transient increase in intracellular glucose. C, Fluorescence intensity traces of individual CGNs transfected with the glucose-FRET reporter (Figure legend continues.)
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suggested that, while the glutamate-mediated increase in intra-
cellular glucose was partially AMPK mediated, there nevertheless
remained an AMPK-independent fraction.

We next wanted to investigate whether the excitotoxicity-
induced increase in intracellular glucose was entirely driven by
extracellular sources and therefore incubated CGNs in glucose-
free media supplemented with pyruvate. We indeed measured a
reduced increase in the glucose-FRET signal, confirming that the
observed glucose increase was primarily coming from extracellu-
lar sources (compare Figs. 6C, 5E). Interestingly, however, the
glucose-FRET signal still remained elevated, even beyond stimu-
lus termination, in the absence of extracellular glucose, pointing
to an additional and intracellular glucose source for disposal
during excitotoxic conditions. Notably, as measured by TMRM
signal, these cells showed a recovery of the mitochondrial mem-
brane potential to baseline (to an average of 1.2 = 0.13 after 10
min), which was comparable to that observed in neurons main-
tained in 15 mM glucose (1.09 = 0.05 after 10 min), and remained
viable for the duration of the experiments. Similar glucose and
TMRM responses were also recorded after the removal of both
glucose and pyruvate from the extracellular media, giving evi-
dence that any such internal glucose source may be sufficient to
maintain mitochondrial function and neuronal viability after ex-
citotoxic injury (data not shown).

Interestingly, a recent study (Saez et al., 2014) suggested that
neurons are able to mobilize glycogen, and that glycogen metab-
olism was protective in primary neurons exposed to hypoxia. To
test this hypothesis, we inhibited glycogen metabolism with two
pharmacological compounds, DAB and NJM (inhibitors of gly-
cogen phosphorylase and a-glucosidase, respectively). Indeed,
this inhibition of glycogen metabolism reduced the degree and
the time for which the glucose-FRET signal remained elevated,
comparable to those responses measured with the control-FRET
probe (compare Figs. 6D, 5F), suggesting that glycogen metabo-
lism may contribute to the intracellular glucose increase during
excitotoxicity.

<«

(Figure legend continued.) (black lines), stained with TMRM (gray lines), and exposed to gluta-
mate for 10 min (thick gray bar). lllustrative traces of eight cells representative of three inde-
pendent experiments. D, Fluorescence and differential interference contrast (DIC) images of a
representative CGN transiently transfected with the glucose-FRET reporter before, during, and
after glutamate exposure, and after mitochondrial membrane depolarization. Color scale rep-
resents ratiometric fluorescence values normalized to baseline. E, Glucose-FRET signal in CGNs
incubated in 15 mwm extracellular glucose before, during, and after glutamate exposure. The
FRET signal was normalized to an average of the baseline ratiometric fluorescence signal mea-
sured in neuronsincubated in 0 mm glucose. The glucose-FRET signal was significantly increased
during and after glutamate exposure (32 cells from three experiments; p = 4 X 10 ~¢,2 X
10 ~*, and 0.02 comparing before to subsequent time points). F, The ratiometric fluorescence
signal of the control-FRET reporter, a mutated version of the glucose-FRET reporter with re-
duced glucose sensitivity, was increased only during glutamate exposure (18 cells from two
experiments; p = 1< 10 ~3). 6, Measurement of intracellular glucose levels at the population
level with a glucose-oxidase fluorometric assay confirmed an increase in glucose levels during
and after glutamate exposure in CGNs (three independent experiments; p = 0.04, 0.03, 0.02
comparing before to subsequent time points). H, Fluorescence ratio and intensity traces of
individual cortical neurons transfected with the FRET-based reporter of intracellular glucose
concentration (black lines), stained with TMRM (gray lines) and exposed to NMDA for 5 min
(thick gray bar). lllustrative traces of nine cells representative of three independent experi-
ments. /, The glucose-FRET ratiometric signal was significantly increased during and up to 15
min after NMDA exposure (19 cells from three experiments; p = 1 X 10 S1x10731%
10 ~3,and 0.03 comparing before to subsequent time points). J, Fluorescence ratio and inten-
sity traces of individual Corticals transfected with the glucose-FRET reporter (black lines),
stained with TMRM (gray lines), and exposed to 0GD for 45 min (thick gray bar). lllustrative
traces of seven cells representative of three independent experiments. K, The glucose-FRET
signal was not significantly altered during or after 0GD (10 cells from three experiments).
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Neurons that show a prolonged intracellular glucose
elevation die earlier

We finally were interested whether the acute responses observed
during excitotoxicity were related to the duration of neuronal
survival after the insult. We therefore distinguished neurons with
sustained TMRM signal >6 h after glutamate exposure, desig-
nated “survivors,” from those with a loss of TMRM within this
time (“nonsurvivors”; Fig. 2C, dotted line traces). Interestingly,
the area under the ATP curve, the minimum ATP levels, or the
speed of ATP recovery did not significantly differ between survi-
vors and nonsurvivors (data not shown). This suggested that,
once neurons recovered from the acute injury phase, the extent of
the glutamate-induced ATP depletion was not a critical determi-
nant or a correlate of the duration of subsequent survival. Simi-
larly, the extent of AMPK activity did not differ between survivors
and nonsurvivors (data not shown).

In contrast to ATP concentration and AMPK activity, we sur-
prisingly found that glucose levels in nonsurvivors recovered sig-
nificantly slower than in those neurons that remained viable after
6 h (survivors; Fig. 6E). Indeed, the recovery of glucose levels was
significantly slower and showed a higher cell-to-cell heterogene-
ity than the recovery of ATP concentration and AMPK activity
(Fig. 6F). To further investigate this, we calculated the correla-
tion between the duration of glucose recovery, determined as the
time from stimulus termination to recovery to baseline; and the
survival time, measured from stimulus termination to loss of
TMRM signal. We found that a more rapid return of glucose to
baseline, but not other parameters such as maximum glucose
amount, significantly correlated with prolonged survival (Spear-
man correlation coefficient = —0.52; p = 0.039). Additionally,
neurons that recovered quicker survived longer than those in
which recovery lasted longer (Fig. 6G). From these data, we con-
cluded that the plasticity of neurons to rapidly restore glucose
homeostasis was a predictor of neuronal survival.

Discussion
The present study is the first to investigate experimentally, from a
single-cell perspective, the behavior of ATP and glucose levels
and AMPK activity in single primary neurons undergoing tran-
sient NMDA receptor-mediated excitotoxicity or OGD. Our re-
sults provide the following findings: using fluorescent protein
fusion plasmids based on FRET, we demonstrated in two excito-
toxicity models that ATP depletion and recovery to energetic
homeostasis, along with AMPK activation, were surprisingly
rapid responses. We observed rapid recovery of neuronal ATP
even in the absence of extracellular glucose or with inhibition of
glycolytic ATP production, demonstrating the remarkable plas-
ticity of neurons in excitotoxic conditions. Of note, we also dem-
onstrated that unimpaired mitochondria were critical for this fast
and complete energetic recovery. Using an injury model of OGD,
we identified a similarly rapid bioenergetics response, yet with
incomplete ATP recovery and decreased AMPK activity. Surpris-
ingly, we also measured a glutamate and NMDA-mediated increase
in intracellular neuronal glucose, providing a potential source of
energy after glutamate exposure. Further single-cell experiments re-
vealed that this glucose increase originated from extracellular,
AMPK-dependent glucose uptake and from intracellular glucose
sources, again demonstrating the significant plasticity of primary
neurons under excitotoxic conditions. Furthermore, we demon-
strated that the ability to more quickly restore glucose levels to base-
line was indicative of neuronal survival.

Previous population studies demonstrated that neurons ex-
posed to transient excitoxicity are able to recover ATP levels,
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Figure6. Glutamate-induced glucose elevation originates from extracellular AMPK-dependent glucose uptake and from intracellular glucose mobilization, and glucose-FRET recovery is delayed
in CGNs that die earlier. A, Single-cell traces of the ratiometric glucose-FRET fluorescence signal in CGNs treated with compound C (10 M) 60 min before glutamate treatment. lllustrative traces of
six cells representative of three independent experiments. B, Compound Cdepleted intracellular glucose levelsin CGNs at rest ( p = 0.004), and reduced but did not completely inhibit the subsequent
glutamate-induced glucose-FRET ratio increase (11 cells from three experiments, p = 5 10 3,1 X 10 ~2,5 X 10 ~ comparing before to subsequent time points). €, CGNs incubated in 0 mm
glucose also increased their glucose-FRET signal during and after glutamate exposure (20 cells from four experiments, p = 5 10 ~*,4 % 10 ~*,5 X 10 ~* comparing before to subsequent time
points), although this increase was substantially reduced compared with CGNs incubated in 15 mm glucose (compare with Fig. 5F). D, Inhibition of glycogen metabolism (with DAB plus NJM,
inhibitors of glycogen phosphorylase and c-glucosidase, respectively) markedly reduced the period for which glucose remained elevated after glutamate stimulation (13 cells from two experiments,
p=1x10"3and5 X 10 > comparing before to subsequent time points). E, The glucose-FRET signal recovered significantly slower in cells that survived >6 h (survivors; p = 0.027). F, The
recovery of the glucose-FRET signal took significantly longer than that of ATP (p = 6 X 10 %) and AMPK activity (p = 9 X 10 ~'?), as measured by the ATeam and AMPKAR reporters,
respectively. G, Kaplan—Meier curve demonstrating that CGNs that recovered their glucose-FRET signal to baseline in <<24 min survived longer than those whose recovery lasted >24 min. The 95%
confidence interval bands are shown.

confirming our single-cell data (Ankarcrona et al., 1995; Ward et
al., 2007; Weisova et al., 2009). Population measurements, how-
ever, can be skewed by an unsynchronized response, and by con-
tributions from glial cells and dying neurons, resulting in
apparently slower kinetics (Loewer and Lahav, 2011). Our exper-
iments showed that after recovery, ATP was maintained at a con-

stant level until cells eventually underwent mitochondrial
membrane depolarization. Strikingly, ATP levels were recovered,
and were subsequently maintained, both in the absence of extra-
cellular glucose and under conditions of glycolysis inhibition,
highlighting the ability of neurons to adapt to varying bioener-
getic stressors. Indeed, it has been shown that the ATP produc-
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tion machinery can respond quickly to changing conditions
(Klingenberg, 2008). Rodriguez-Rodriguez et al. (2012) demon-
strated that, after excitotoxicity, glucose is directed away from the
pentose phosphate pathway toward ATP production via glycoly-
sis. We demonstrate that, while mitochondrial ATP production
was not necessary for survival in CGNs at rest, it nevertheless
played an important role in ATP recovery after glutamate excito-
toxicity. Although Ca*™ sequestration compromises mitochon-
drial function during excitotoxicity (Nicholls and Budd, 2000),
pyruvate supplementation has previously been shown to be pro-
tective against excitotoxic injury in CGNs (Vergun et al., 2003;
Jekabsons and Nicholls, 2004; but see Khodorov et al., 2012). Our
data suggested that mitochondria function sufficiently well to
both reduce the initial extent of ATP depletion, and to rapidly
and completely restore cytosolic ATP after termination of the
excitotoxic stimulus. Indeed, cytosolic Ca** influx, leading to
increased mitochondrial Ca*, has been shown to elevate TCA
cycle enzymes under physiological conditions, thereby increasing
mitochondrial respiration (Hansford and Castro, 1985; McCor-
mack et al., 1990; Gunter et al., 1994). In excitotoxic conditions,
increased respiration (Jekabsons and Nicholls, 2004; Garcia et al.,
2005) may also elevate mitochondrial ATP production to address
the need for energy, emphasizing that, while mitochondria may
be impaired during excitotoxicity, they still maintain an active
role in ATP recovery. Increased excitotoxic severity may eventu-
ally, however, also induce further mitochondrial dysfunction, in-
creasing the likelihood of necrosis (Kushnareva et al., 2005).

AMPK is activated during energetic stress, and restores ener-
getic homeostasis by increasing ATP production pathways while
reducing ATP consumption (Hardie et al., 2012). Intriguingly,
AMPK activity increased rapidly during excitotoxic injury, but
returned to baseline before stimulus termination in some cells,
suggesting that AMPK activity was no longer necessary in these
cells. AMPK activity has been shown to be both prosurvival and
proapoptotic, depending on cell type and the extent of injury,
among other factors (McCullough et al., 2005; Weisova et al.,
2009; Concannon et al., 2010; Davila et al., 2012). Here, we did
not find any correlation between the acute AMPK response mea-
sured during glutamate exposure and the subsequent neuronal
survival. In addition, we did not observe prolonged AMPK activ-
ity in our system after glutamate exposure. It is therefore possible
that the intrinsic neuronal response to AMPK activation, rather
than the magnitude of the AMPK activation itself, is a determi-
nant of cell fate. However, we need to note that the relative in-
crease in AMPKAR fluorescence ratio during excitotoxicity was
low (~1.2-fold), and that we cannot discount the possibility that
AMPK activity may remain chronically elevated at levels below
the detection limit achievable with this system. In addition, levels
of AMPK activity may differ between the cytosol and other intra-
cellular compartments, such as the nucleus (McCullough et al.,
2005; Ju et al., 2011; Kodiha et al., 2011; Davila et al., 2012), and
this will be investigated in future work.

We also measured single-cell bioenergetics in neurons under-
going OGD, a model of ischemic neuronal injury that has both
excitotoxicity-dependent and excitotoxicity-independent com-
ponents (Goldberg and Choi, 1993). Of note, our single-cell anal-
ysis demonstrated that calcium dynamics differed in our OGD
treatment paradigm compared with NMDA receptor-mediated
excitotoxicity, with a second increase in intracellular calcium
measured after restoration of normoxic and normoglycemic con-
ditions. In contrast to excitotoxic injury, ATP levels also did not
completely recover after OGD. This is in agreement with
population-based ATP measurements in primary neurons after
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OGD (Iijima et al., 2003). As mitochondrial ATP production
cannot occur in the absence of oxygen, this would largely affect
ATP levels in this treatment paradigm. A potential calcium over-
load after reperfusion may also impact ATP recovery, necessitat-
ing additional ATP consumption to restore ionic homeostasis.
Subsequent experiments demonstrated that AMPK activity de-
creased during OGD and only recovered after OGD termination.
This decrease in AMPK activity may also affect the ability of the
neuron to restore ATP levels. Hence, despite the fact that OGD-
induced injury is sensitive to NMDA receptor antagonists (Gold-
berg and Choi, 1993), the nonexcitotoxic components induced
by the hypoxic and hypoglycemic insult impacts on the ability of
neurons to recover their bioenergetics.

Using a FRET-based fluorescent reporter, we measured an
accumulation of intracellular glucose in single neurons during
NMDA receptor-mediated excitotoxicity. Intracellular glucose
concentration is a balance between processes that increase glu-
cose and those that decrease glucose. Decreased glucose con-
sumption in combination with steady or increased glucose
import could explain the observed net glucose increase in our
system. Curiously, however, the removal of extracellular glucose
or the inhibition of AMPK with compound C reduced but failed
to completely prevent this increase, suggesting additional intracellu-
lar glucose sources during excitotoxicity, arising, for example, from
glycogen metabolism. While glycogen is normally not present in
neurons, they are capable of the synthesis and lysis of glycogen (Vil-
chez et al., 2007). Interestingly, glycogen metabolism was recently
shown to be protective in primary neurons under conditions of hyp-
oxia (Saez et al., 2014). Indeed, the inhibition of glycogen metabo-
lism in our system reduced the time for which the glucose-FRET
signal remained elevated, suggesting that the breakdown of glycogen
may contribute to the extracellular glucose-independent increase in
glucose during excitotoxicity.

Finally, we found that glucose recovery to baseline level was
significantly slower than that observed for Ca®", ATP, and
AMPK, suggesting that excess glucose accumulated in the cell
during glutamate stimulation. This accumulation may provide
the cell with a “fool-proof” mechanism to address latent ATP
demand. Perhaps surprisingly, however, we observed that a
slower glucose recovery correlated with shorter survival. It is pos-
sible that the delayed glucose recovery directly causes earlier
death. Accumulated intracellular glucose has been shown to in-
duce aberrant glycogen synthesis in telencephalic neurons, lead-
ing to apoptosis (Vilchez et al., 2007). Likewise, slower recovery
to baseline may indicate reduced shuttling of glucose into the
pentose—phosphate cycle, which ultimately may decrease the an-
tioxidant defense mechanisms during excitotoxic injury
(Rodriguez-Rodriguez et al., 2012). Excessive glucose may itself
be toxic by increasing reactive oxygen species production, or may
lead to increased lactate production and acidosis. Decreased glu-
cose consumption leading to elevated glucose levels may also be
an indicator of downstream mitochondrial defects such as Ca®" -
induced inhibition of oxidative phosphorylation (Nicholls and
Budd, 2000; Kushnareva et al., 2005), although our data indicate
that mitochondrial function is retained during the period of glu-
cose elevation. Possibly the most straightforward explanation,
however, is that a rapid recovery of glucose homeostasis points to
an ability of the neuron to adapt and respond to bioenergetic
stressors, and that this plasticity is indicative of underlying neu-
ronal resistance to excitotoxic injury.

In summary, this study is the first to investigate bioenergetic
dynamics in single neurons undergoing transient excitotoxicity
or oxygen and glucose deprivation. Investigating ATP and glu-
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cose levels along with AMPK activity, our results demonstrated
that the bioenergetic recovery of excitotoxic neurons was rapid
and highly plastic, and that mitochondrial ATP production par-
ticipated in this recovery. Our data also indicate that the plasticity
of neurons to rapidly adapt to bioenergetic challenges may be a
key indicator of neuronal viability.
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