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NEW & NOTEWORTHY Neuronal activity is highly energy demanding and coupled to cellular metabolism. In this study, we
demonstrate that glycolytic inhibition with 2-deoxy-D-glucose (2-DG)
effectively suppresses spontaneous neuronal firing and epileptiform
bursts in hippocampal slices. These data suggest that an altered
metabolic state can profoundly affect cellular and network excitability, and that the glycolytic inhibitor 2-DG may hold promise as a
novel treatment of drug-resistant epilepsy.
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is highly demanding energetically and is tightly
coupled to its metabolic state as demonstrated by functional
brain imaging (Magistretti and Pellerin 1996; Raichle and
Mintun 2006). During pathologically hyperactive states such as
seizures, the brain’s energy demand is even higher. Because
the brain utilizes glucose as its obligate energy source, glucose
metabolism plays a central role in maintaining seizure activity
(Hertz and Dienel 2002). Indeed, limiting glucose intake (i.e.,
fasting; Conklin 1922; Geyelin 1921) or switching from glucose to ketone bodies (i.e., ketogenic diet) has proven to be
highly effective in controlling seizures in patients with medically refractory epilepsy (Freeman and Vining 1998; Huttenlocher 1976; Stafstrom and Rho 2012; Thakur et al. 2014) and
in experimental models (Kim et al. 2015; Lutas and Yellen
2013). Thus altering energy metabolism may represent a novel
strategy and alternative therapy for seizure control, particularly
for those resistant to drugs (Kawamura et al. 2016). We and
others previously proposed that direct inhibition of glycolysis
leads to seizure control and that the glycolytic inhibitor 2-deoxy-D-glucose (2-DG) produces acute anticonvulsant effects in
vitro (Forte et al. 2016; Stafstrom et al. 2009) and chronic
antiepileptic effects in vivo (Garriga-Canut et al. 2006; Gasior
et al. 2010; Stafstrom et al. 2009). Specifically, we previously
showed that 2-DG decreases epileptiform activity induced by
elevated extracellular potassium, 4-aminopyridine (4-AP), and
bicuculline in brain slices from adult animals (Stafstrom et al.
2009). Chronic antiepileptic actions of 2-DG have been demonstrated in rats kindled from the perforant path or olfactory
bulb (Garriga-Canut et al. 2006; Stafstrom et al. 2009). However, the mechanism by which 2-DG alters cellular and network excitability and the full spectrum of its effects are not yet
known (Stafstrom and Sutula 2017). 2-DG is a glucose analog
with one oxygen atom removed at the 2-position. 2-DG is
taken up into cells by glucose transporters, after which it is
phosphorylated to 2-deoxy-glucose 6-phosphate (2-DG-6P),
which cannot be further metabolized, thus inhibiting glycolysis
by limiting the production of fructose-6-phosphate (F-6-P)
from G-6-P (Fig. 1) (Sokoloff et al. 1977).
In this study, we aimed to further understand how altered
glucose metabolism can affect cellular and network excitability
by addressing the following questions: 1) Does glycolytic
inhibition alter basal intrinsic membrane excitability? 2) Does
glycolytic inhibition affect spontaneous neuronal firing? 3)
Does glycolytic inhibition suppress epileptiform network acBRAIN ACTIVITY
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Shao LR, Stafstrom CE. Glycolytic inhibition by 2-deoxy-Dglucose abolishes both neuronal and network bursts in an in vitro
seizure model. J Neurophysiol 118: 103–113, 2017. First published
April 12, 2017; doi:10.1152/jn.00100.2017.—Neuronal activity is
energy demanding and coupled to cellular metabolism. In this study,
we investigated the effects of glycolytic inhibition with 2-deoxy-Dglucose (2-DG) on basal membrane properties, spontaneous neuronal
firing, and epileptiform network bursts in hippocampal slices. The
effect of glycolytic inhibition on basal membrane properties was
examined in hippocampal CA1 neurons, which are not ordinarily
active spontaneously. Intracellular application of 2-DG did not significantly alter the membrane input resistance, action-potential threshold, firing pattern, or input-output relationship of these neurons
compared with simultaneously recorded neighboring neurons without
intracellular 2-DG. The effect of glycolytic inhibition on neuronal
firing was tested in spontaneously active hippocampal neurons (CA3)
when synaptic transmission was left intact or blocked with AMPA,
NMDA, and GABAA receptor antagonists (DNQX, APV, and bicuculline, respectively). Under both conditions (synaptic activity intact
or blocked), bath application of 2-DG (2 mM) blocked spontaneous
firing in ~2/3 (67 and 71%, respectively) of CA3 pyramidal neurons.
In contrast, neuronal firing of CA3 neurons persisted when 2-DG was
applied intracellularly, suggesting that glycolytic inhibition of individual neurons is not sufficient to stop neuronal firing. The effects of
2-DG on epileptiform network bursts in area CA3 were tested in
Mg2⫹-free medium containing 50 M 4-aminopyridine. Bath application of 2-DG abolished these epileptiform bursts in a dose-dependent and all-or-none manner. Taken together, these data suggest that
altered glucose metabolism profoundly affects cellular and network
hyperexcitability and that glycolytic inhibition by 2-DG can effectively abrogate epileptiform activity.
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tivity in hippocampal slices from young animals and in a
seizure model different from those used in previous studies?
and 4) What is the dose responsiveness and potential toxicity of
2-DG from a cellular perspective?
METHODS

All procedures used in this study were approved by the Institutional
Animal Care and Use Committee of Johns Hopkins University.
Brain slice preparation. Experiments were performed in hippocampal slices prepared from 9- to 22-day-old (average: 15 ⫾ 0.7 days,
n ⫽ 35) Sprague-Dawley rats (Harlan, Indianapolis, IN). We chose
animals at this age because during this developmental window, the
brain (particularly the hippocampal CA3 area) is most susceptible to
epileptiform bursting activity in slice electrophysiology experiments
(Swann and Brady 1984). After undergoing isoflurane anesthesia, rats
were decapitated, and their brains were quickly removed and placed in
pre-chilled and oxygenated low-Ca2⫹/high-Mg2⫹ cutting solution
containing (in mM) 125 NaCl, 3 KCl, 1.25 NaH2PO4, 25 NaHCO3,
0.25 CaCl2, 10 MgSO4, and 11 glucose for ~2 min. The brain was then
evenly dissected into two hemispheres. Brain slices were prepared
using a newly designed procedure with a VF-300 compresstome
(Precisionary Instruments, Greenville, NC). Briefly, one hemisphere
was glued onto the platform of a specimen syringe and embedded with
1.6% low-melting point agarose (type I-B). The specimen syringe
with encapsulated tissue block was quickly chilled and transferred
into a buffer tank filled with cutting solution. Coronal hippocampal
slices (350 m) were cut and isolated from the embedding agarose,
and transferred into a storage chamber filled with a holding solution
with lower Ca2⫹ and higher Mg2⫹ concentrations than normal medium (Feldmeyer et al. 2006), containing (in mM) 125 NaCl, 3 KCl,
1.25 NaH2PO4, 25 NaHCO3, 0.5 CaCl2, 5 MgSO4, and 11 glucose,
and continuously bubbled with 95% O2 and 5% CO2. Slices were kept
at 34°C for the first 30 min and room temperature thereafter.
Electrophysiology. After 1–2 h of recovery, slices were transferred
to a submerged recording chamber and perfused with oxygenated

Mitochondria
TCA cycle

artificial cerebrospinal fluid (aCSF) containing (in mM) 125 NaCl, 3
KCl, 1.25 NaH2PO4, 25 NaHCO3, 1.3 CaCl2, 1.3 MgSO4 and 11
glucose. For 0-Mg2⫹ experiments, Mg2⫹ was omitted from aCSF and
Ca2⫹ concentration was elevated to 2 mM. All recordings were
conducted at 32–33°C through a resistive in-line heater regulated by
a low-noise digital temperature control system (Scientifica, East
Sussex, UK). Visualization of neurons and manipulation of micropipettes were achieved by a PatchPro 6000 system from Scientifica,
which comprises a custom-designed motorized (Z-axis) microscope
with infrared-differential interference contrast (IR-DIC) components,
light-emitting diode (LED) IR, and fluorescence light sources, a ⫻40
water-immersion objective and charge-coupled device (CCD) camera,
and motorized micromanipulators sitting on a motorized movable
base plate, remotely controlled by a control panel and the LinLab
software (Scientifica). Electrophysiological recordings were acquired
by a MultiClamp 700B amplifier, a Digidata-1550 digitizer, and
Clampex 10.4 software (Molecular Devices, Sunnyvale, CA). Single
or dual whole cell recordings, extracellular field potential recordings,
or simultaneous field potential-whole cell recordings were conducted
in hippocampal CA3 or CA1. In some field potential experiments, two
slices were recorded simultaneously.
Recording pipettes were pulled from thick-walled [outer diameter
(OD) 1.5 mm, inner diameter (ID) 0.86 mm] or thin-walled (OD 1.5
mm, ID 1.1 mm) borosilicate glass with filament through a P-1000
pipette puller (Sutter Instruments, Novato, CA). The electrodes typically have a resistance of 4 – 8 M⍀. For whole cell and cell-attached
recordings, pipettes were filled with internal solution containing (in
mM) 130 K-gluconate, 10 HEPES, 5.5 EGTA, 0.5 CaCl2, 1 NaCl, 2
KCl, 1 MgCl2, 10 phosphocreatine-tris, 0.5 Na-GTP, and 2 Mg-ATP;
pH was adjusted to 7.25 with 5 M KOH. In some experiments, 2-DG
(10 mM) was added to pipette solution to deliver it directly into
individual neurons. A 7-mV liquid junction potential between the
pipette solution and bath medium was estimated using the junction
potential calculator in pCLAMP (Molecular Devices) and was not
corrected in the values presented in this article. For field potential
recordings, pipettes were filled with aCSF. Whole cell current-clamp
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Fig. 1. Glycolysis, pentose phosphate pathway
(PPP), tricarboxylic acid cycle (TCA), and glycolytic inhibition with 2-DG. Diagram shows the main
steps in glycolysis, its relationship to the PPP and
tricarboxylic acid (TCA) cycle, and the action sites
of 2-DG. Briefly, glucose enters cytoplasm via
glucose transporters (GLUT3 in neurons or GLUT1
in glia), where glycolysis takes place. Glucose is
first phosphorylated to glucose-6-P (G-6-P) and
then further catalyzed to pyruvate via multiple
steps. Pyruvate is the final product of glycolysis,
which then enters mitochondria to participate in the
TCA cycle for oxidative ATP production. G-6-P
also enters the PPP, which generates reduced nicotinamide adenine dinucleotide phosphate (NADPH)
and glutathione (GSH) to prevent the cell damage
caused by reactive oxygen species (ROS). When
2-DG is present, it competes with glucose for
GLUT3/GLUT1 to enter the cell. Once in the cell,
2-DG is phosphorylated to 2-DG-6-P, which is
trapped in the cell and cannot be further metabolized. 2-DG-6-P limits G-6-P conversion to F-6-P,
which is the main mechanism of glycolytic inhibition by 2-DG.

GLUCOSE METABOLISM AND CELLULAR AND NETWORK EXCITABILITY

generated by the lowest current injection. The I/O relationship of the
neurons was determined by the number of APs generated as the
function current injection. The frequencies of spontaneous neuronal
firing and network bursting were detected using Clampfit software and
presented as events per minute. The dose responsiveness of 2-DG was
plotted for efficacy (or toxicity) as the function of 2-DG concentration
and fitted with exponential increase (cumulative probability) or exponential decay. One-way ANOVA was used for statistical analysis
across multiple groups, followed by the Holm-Sidak test for comparison between each two groups. Student’s t-test was used for comparisons between two groups. Data are means ⫾ SE, and statistical
significance is set to P ⬍ 0.05.
Pharmacological agents and chemicals. All chemicals used in this
study were purchased from Sigma-Aldrich (St. Louis, MO), except
6,7-dinitroquinoxaline-2,3-dione (DNQX; di-sodium salt), which was
obtained from Abcam (Cambridge, MA).
RESULTS

Glycolytic inhibition does not alter basal membrane properties of hippocampal pyramidal neurons (CA1). To investigate the consequences of glycolytic inhibition with 2-DG on
CA1
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Fig. 2. Glycolytic inhibition with 2-DG does not alter basal membrane excitability of hippocampal CA1 neurons. A: two neighboring CA1 pyramidal cells were
recorded concurrently, one with 10 mM intracellular 2-DG and one as a control without 2-DG. Their membrane responses to current injection pulses (⫺200 to
⫹500 pA, 100-pA step, 500 ms) right after rupture of the cell (~1 min) and 10 min after rupture are shown at left and right, respectively. Note both neurons
displayed a regular firing pattern. B: summary data showing that the membrane input resistance (left) and action potential (AP) threshold (middle) were not
different between the 2-DG-loaded neurons and controls and did not change over time in the presence of intracellular 2-DG (P ⬎ 0.05, ANOVA, n ⫽ 7 pairs).
Right, input/output (I/O) relationship (i.e., number of APs as a function of current injection) was also similar between the 2-DG-loaded and control neurons but
was slightly reduced after 10 min, particularly at one point in the larger current range (300 pA, *P ⬍ 0.05). However, both 2-DG-loaded and nonloaded neurons
changed in the same direction, and there was no significant difference between them (P ⬎ 0.05, ANOVA, followed by Holm-Sidak test).
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recordings were conducted to examine intrinsic membrane excitability, neuronal firing properties, and network bursting. A series of
hyperpolarizing-depolarizing current pulses (500 ms, ⫺200 to ⫹500
pA, step: 50 –100 pA) were injected into CA1 pyramidal neurons to
determine the input resistance (Rin), action potential (AP) threshold,
firing pattern, and input-output (I/O) relationship. Field potential
recordings (with or without concurrent whole cell recording) were
performed in I ⫽ 0 mode at high gain (␣ ⫽ 100 –500). Epileptiform
network bursts in CA3 were induced by Mg2⫹-free medium containing 50 M 4-AP. 2-DG was bath-applied and diluted from freshly
prepared 1 M stock solution for most of the experiments, except those
depicted in Figs. 2 and 4A, where 2-DG was applied intracellularly
through the recording pipette. All signals were acquired at 10 kHz and
low-pass filtered at 2 kHz.
Data analysis. Qualitative and quantitative data analyses were
conducted using Clampfit 10.4 (Molecular Devices), SigmaPlot 11
(SPSS, Chicago, IL), and Excel (Microsoft, Redmond, WA) software
programs. Rin was determined from the peak hyperpolarizing voltage
caused by corresponding current injection. Because hyperpolarizing
pulses commonly activate H-current (Ih), which causes a “sag-shaped”
voltage deflection, the peak voltage level was measured within the
first 100 ms of the voltage pulses (i.e., before the sag deflection
occurs). AP threshold was defined as the starting point of the first AP
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depolarization in active neurons (not shown) and irreversible
blockade of network bursts in slices, suggestive of permanent
damage (Fig. 5).
CA3 neurons, particularly in immature animals, commonly
exhibit robust synaptic activity (Shao and Dudek 2009) due to
the extensive recurrent excitatory connections (Miles and
Wong 1986), which may contribute to their spontaneous firing.
To isolate spontaneous intrinsic bursting from synaptically
mediated firing, we pharmacologically blocked both glutamatergic and GABAergic transmission with AMPA-, NMDA-,
and GABAA-receptor antagonists DNQX (10 M), D-aminophosphonovaleric acid (APV; 25 M), and bicuculline (10
M), respectively. In the absence of synaptic transmission,
CA3 neurons were less active and less prone to fire spontaneously at resting membrane potential. However, when the membrane was modestly depolarized to approximately ⫺55 to 50
mV, the neurons readily and continuously fired robust bursts of
APs in a manner similar to that seen with intact synaptic
transmission (Fig. 3B). Under these conditions, bath application of 2 mM 2-DG abolished neuronal firing (Fig. 3, B and C)
in a similar proportion of neurons (71%, n ⫽ 7 vs. 67%, n ⫽
9 in aCSF; Fig. 3, D and E). Altogether, these data show that
glycolytic inhibition results in marked suppression of spontaneous intrinsic bursting.
Blockade of neuronal firing involves glycolytic inhibition of
the entire cell population, not just an individual neuron. To test
the effect of single-cell glycolytic inhibition on spontaneous
firing, we applied 2-DG into individual CA3 neurons through
recording pipettes. Surprisingly, although intracellular application of 2-DG (10 mM) reduced the rate of the spontaneous
firing in some cells, it failed to stop the spontaneous firing (n ⫽
6; Fig. 4, A, C, and D). This finding sharply contrasts with bath
application of 2-DG, which completely blocked neuronal
bursts (Fig. 4, B and C; see also Fig. 3). These data suggest that
when glucose metabolism of an individual neuron is inhibited
(i.e., pipette application of 2-DG), it can probably obtain
energy/metabolites from extracellular sources to maintain its
activity, unless the glucose metabolism of all the cells (neurons
and glia) is suppressed (i.e., bath application of 2-DG). Alternatively, the ATP/GTP included in the pipette solution (2.5
mM) may provide some energy for neuronal activity even
when glycolysis is inhibited. However, our data showing that
bath application of 2-DG effectively blocks spontaneous firing
in ATP-loaded neurons argue that the exogenous ATP is
probably not enough for intensive and long-lasting neuronal
bursting.
Glycolytic inhibition with 2-DG abolishes population bursts
in the CA3 neuronal network in a dose-dependent manner.
Next, we investigated the effect of glycolytic inhibition on
population bursts in the CA3 neuronal networks. To elicit
network bursts, we perfused slices with Mg2⫹-free medium
containing 50 M 4-AP, a well-established model for epileptiform activity (Chen et al. 2014; Kilb et al. 2006; Siniscalchi
et al. 1997). We chose this model because pilot experiments
showed that the combination of 0-Mg2⫹ and 4-AP-induced
field potential population bursts more reliably and faster than
other models such as high K⫹ or 0 Mg2⫹ or 4-AP alone under
our experimental conditions, and we also wanted to test the
effect of glycolytic inhibition in a seizure model other than
those tested in our previous study (Stafstrom et al. 2009).
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neuronal activity, we first examined whether it alters basal
intrinsic membrane properties of neurons. We tested this question in CA1 pyramidal neurons because most CA1 neurons are
not spontaneously active (unlike CA3 neurons). Because the
uptake of 2-DG is activity dependent (Sokoloff et al. 1977),
little 2-DG will be expected to be taken up by these non-active
CA1 neurons if applied extracellularly. Therefore, we applied
2-DG (10 mM) intracellularly through the recording pipette.
As a control, we simultaneously recorded a neighboring CA1
pyramidal neuron without 2-DG in the pipette solution (Fig.
2A). The intrinsic membrane properties in both neurons were
examined immediately after rupture of the membrane (usually
within 1 min), and again after 10 min. The resting membrane
potentials were similar between the control and 2-DG groups
(58 ⫾ 2 vs. 57 ⫾ 1.8 mV, P ⬎ 0.05, n ⫽ 7 pairs). Neurons in
both groups exhibited a regular firing pattern, which did not
alter after 10 min of intracellular 2-DG (Fig. 2A). Similarly,
intracellular 2-DG did not significantly alter the input resistance (Fig. 2B, left) or AP threshold (Fig. 2B, middle) after
10-min application (131 ⫾ 9 vs. 123 ⫾ 11 m⍀ and 48 ⫾ 1.1
vs. 47 ⫾ 1.1 mV, respectively, P ⬎ 0.05), which were similar
to the values for control neurons (135 ⫾ 13 vs. 119 ⫾ 8 vs.
m⍀ and 49 ⫾ 1.1 vs. 49 ⫾ 1.1 mV, respectively, P ⬎ 0.05).
The I/O relationship was virtually identical between the control
and 2-DG-injected neurons at the beginning of recording and
10 min after (Fig. 2B, right). Notably, the I/O relationship
tended to decline slightly with time, particularly in the high
current range (e.g., 300 pA, P ⬍ 0.05). However, both groups
changed in the same direction regardless of 2-DG, and there
was no difference between the two groups at the same time
point and at any given current (P ⬎ 0.05). These data suggest
that glycolytic inhibition with 2-DG does not alter basal intrinsic membrane properties when neurons are in the resting state.
Glycolytic inhibition blocks spontaneous firing of hippocampal pyramidal neurons (CA3) with or without intact synaptic
transmission. Next, we examined the effect of glycolytic inhibition with 2-DG on spontaneous firing in active hippocampal
neurons (CA3 pyramidal cells). It is known that CA3 neurons
are spontaneously active at rest and fire APs in bursts (Hablitz
and Johnston 1981; Traub and Wong 1982; Wong and Prince
1978), particularly at young ages (Sipilä et al. 2006). Indeed,
under our experimental conditions, most CA3 neurons exhibited robust spontaneous firing in aCSF (Fig. 3). While virtually
all recorded CA3 neurons fired in bursts, their spontaneous
firing patterns were complex. For example, they might display
“clonic-like” firing (i.e., bursts of bursts; Fig. 3A), “tonic-like”
firing (continuous-occurring single bursts; Fig. 3B), or mixed
clonic and tonic firing, and these patterns were interchangeable
over the course of recording. Most bursts were “interictal-like”
lasting for a few hundred milliseconds but frequently mixed
with “ictal-like” bursts lasting for seconds to tens of seconds
(Fig. 3, A and B). Regardless of the firing pattern, bath
application of a low concentration of 2-DG (2 mM) completely
stopped spontaneous firing after 17.8 ⫾ 2.8 min in 67% of the
CA3 neurons (n ⫽ 9; Fig. 3A). Moreover, the blockade appeared long-lasting in that only partial recovery (low-frequency firing) was observed during washout up to 30 min in
these neurons [n ⫽ 4; but these neurons exhibited no signs of
permanent neuronal damage such as the sustained depolarization caused by a higher concentration (10 mM) of 2-DG (see
below)]. A higher dose (10 mM) of 2-DG caused sustained
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Fig. 3. Glycolytic inhibition abolishes spontaneous firing of the hippocampal CA3 neurons. A and B: whole cell recordings showing robust spontaneous firing
of CA3 pyramidal neurons in aCSF (A) or in the presence of synaptic transmission blockers DNQX, APV, and bicuculline (B). The asterisks in A and B mark
the initial sections of the recordings, which are expanded (bottom) to show the firing patterns of the 2 neurons. Inset in dash-lined box in B shows that
DNQX/APV/Bic completely abolished spontaneous excitatory synaptic currents. Under both conditions, neuronal firing was effectively abolished by bath
application of 2 mM 2-DG, which recovered partially during washout. C: time course of the recordings in A (left) and B (right) showing the changes in firing
rate during 2-DG bath application (horizontal lines). D: summary data showing the effect of 2-DG on the individual neurons in the 2 conditions. Note that 2-DG
completely blocked spontaneous firing in 6 of 9 and 5 of 7 neurons for the 2 groups, respectively. E: averaged firing rate showing the effect of 2-DG in the 2
groups. *P ⬍ 0.05; **P ⬍ 0.01, 2-tailed paired t-test.
J Neurophysiol • doi:10.1152/jn.00100.2017 • www.jn.org

Downloaded from http://jn.physiology.org/ by 10.220.33.5 on July 26, 2017

CA3

108

GLUCOSE METABOLISM AND CELLULAR AND NETWORK EXCITABILITY

tested the efficacy of glycolytic inhibition on network bursting
with various doses of 2-DG from 0.5 to 10 mM. As shown in
Fig. 5, bath application of low concentration 2-DG (0.5–1 mM)
was ineffective in blocking the bursts. At 2 mM, 2-DG completely abolished the population bursts in 54% (7/13) of the
slices. The average time to blockade was 14.2 ⫾ 1.6 min. Four
of these seven slices exhibited partial recovery during washout

Field epileptiform bursts were consistently induced in the
CA3 area minutes after perfusion in 0 Mg2⫹/4-AP. These
bursts are typically “interictal-like,” consisting of 1– 4 single
bursts lasting for 0.1– 0.5 s (Fig. 5A). Long-lasting “ictal-like”
epileptiform bursts were not common. This pattern of bursting
activity is consistent with previous studies (Chen et al. 2014;
Kilb et al. 2006; Siniscalchi et al. 1997). Using this model, we
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DISCUSSION

The main findings of the present study are that 1) glycolytic
inhibition with 2-DG does not directly alter basal intrinsic
membrane excitability of nonspontaneously active hippocampal pyramidal neurons (CA1); 2) glycolytic inhibition with
2-DG effectively blocks spontaneous firing of active hippocampal neurons (CA3); 3) blockade of neuronal firing involves glycolytic inhibition of the entire cell population and
not just a single neuron; and 4) glycolytic inhibition abolishes

epileptiform network bursts in a dose-dependent manner. Collectively, these data corroborate our previous study that glycolytic inhibition suppresses seizures (Stafstrom et al. 2009)
and support multiple other studies demonstrating that cell
metabolism plays a central role in neuronal activity (Kawamura et al. 2016; Kim et al. 2015; Lutas and Yellen 2013).
More importantly, this study provides detailed cellular-level
information about the effects of glycolytic inhibition on neuronal firing and seizure suppression.
Glucose metabolism and neuronal and network excitability.
Glucose metabolism provides the main source of energy for
normal functioning of the brain and includes two main processes: glycolysis and the tricarboxylic acid cycle (TCA). The
former breaks down glucose to pyruvate in the cytosol and
produces approximately five to seven ATP molecules; the latter
is the common oxidative pathway for both glucose and fatty
acids, which further oxidizes pyruvate (via acetyl-CoA) into
carbon dioxide and water in mitochondria and produces ~25
ATP molecules (Rich 2003). Although both glucose and fatty
acids can be used as fuel sources, brain cells are obligated to
use glucose because fatty acids cannot enter brain across the
blood-brain barrier. Only under certain conditions (e.g., prolonged fasting or a low-carbohydrate diet) will increased fat
metabolism generate ketone bodies that enter the brain to be
used as an alternative fuel source. Therefore, under normal
conditions, brain tissue depends solely on glucose metabolism
for energy production (from both glycolysis and TCA), and
thus changes in glucose metabolism may profoundly affect
neuronal activity. Our data clearly demonstrate that glycolytic
inhibition with 2-DG effectively blocks both neuronal and
network bursts, supporting the hypothesis that neuronal and
network activity is tightly coupled to glucose metabolism
and that an altered metabolic state can profoundly change
cellular and network excitability. The blockade of network
activity by glycolytic inhibition showed dose dependence
(Figs. 5 and 6), with the efficacy of blockade increasing with
increasing doses of 2-DG. The dose-dependent blockade of
network bursts is unlikely to result from increased osmolality
due to the addition of 2-DG (from 0.5 to 10 mM); although
hyperosmolality may reduce seizure-like bursting, it takes at
least 30 mM glucose to have this effect, and it is easily
reversed (Ballyk et al. 1991; Rosen and Andrew 1991), which
is not the case here. Rather, 2-DG competes with glucose for
transporters and enzymes (Fig. 1). Thus, when the ratio of
2-DG to glucose reaches a critical point (~1:5.5 in our case;
i.e., 2 mM 2-DG:11 mM glucose), glycolysis is significantly
inhibited. Inhibition of glycolysis decreases the production of

Fig. 4. Blockade of neuronal firing requires glycolytic inhibition of the entire cell population, not just a single neuron. A and B: whole cell recordings of 2 CA3
pyramidal neurons from 2 slices. The recording pipette in A contained 10 mM 2-DG to inhibit glycolysis in this neuron, whereas the recording pipette in B
contained no 2-DG (inset diagrams in A and B). Both neurons were spontaneously active in aCSF. The initial sections of the recordings in A and B (asterisks)
are expanded (bottom) to show the firing patterns of the 2 neurons. A: the spontaneous firing in this neuron continued when its glycolysis was inhibited with
intracellular 2-DG during the entire recording (~25 min). The entire period of intracellular 2-DG exposure (marked by the solid horizontal line above), which
started minutes before the recording (i.e., from the rupture of the neuron; dashed line above), was a total of ~30 –35 min. Intracellular 2-DG reduced but did not
abolish neuronal firing, even at a high concentration (10 mM). B: in contrast, glycolytic inhibition of the entire cell population via 2-DG (2 mM) bath application
blocked neuronal firing almost completely in just a few minutes. C: time course of the recordings in A (left) and B (right) showing the changes of neuronal firing
rate during 2-DG application (horizontal lines). D: summary data showing that none of the recorded neurons (n ⫽ 5) stopped firing during intracellular 2-DG
application (unlike during 2-DG bath application shown in Fig. 3D). These data indicate that glycolytic inhibition of a single cell is not sufficient to block its
neuronal activity, which may therefore be sustained by some alternative extracellular source of energy/metabolites and is blocked by glycolytic inhibition of the
whole cell population (neurons and glia) via bath application of 2-DG.
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with bursts of much smaller amplitude; three slices showed no
washout effect, but two of them displayed frequent single-unit
activity (insets in Fig. 5A, middle trace). These data suggest
that 2-DG blockade of network bursts was thorough and
long-lasting but does not cause permanent damage to the slices
at this concentration (2 mM). At higher concentrations (3.5, 5,
and 10 mM), 2-DG blocked population bursts in a progressively higher percentage of slices (78%, 86%, and 95%, respectively; Fig. 5, C and D) but also led to greater apparent
damage to some slices as evidenced by complete and irreversible disappearance of all activity in the slice (both network
bursts and single- or multi-unit activity; Fig. 5A, bottom trace)
or unresponsiveness to electrical stimulation (not shown), particularly at 10 mM. Altogether, these data show that glycolytic
inhibition readily abolishes CA3 network bursts in a dosedependent manner.
Efficacy vs. potential toxicity of glycolytic inhibition on
network bursting. We assessed the efficacy of glycolytic inhibition on network burst suppression as the percentage of slices
that exhibited full blockade by 2-DG. The potential toxicity
was indicated by the decreased “survival” of slices, which is
defined as one or more of the following conditions during
2-DG application: 1) population network bursts persisted (no
effect), 2) network bursts reappeared after washout of 2-DG,
and 3) single- or multi-unit activity was present. Figure 6
summarizes the efficacy and potential toxicity of glycolytic
inhibition with 2-DG at various dosages (0.5, 1, 2, 3.5, 5, and
10 mM). With increasing 2-DG concentration, the efficacy of
glycolytic inhibition on network burst blockade increases,
whereas the survival rate of slices decreases. Notably, 2-DG
reaches its steady-state blockade while slice survival dramatically decreases after 3.5 mM (Fig. 6). A dose window of 2– 4
mM seems feasible for 2-DG to effectively block network
bursting while maintaining viability of most slices. The dose at
the intersection of the two curves (~2.7 mM; Fig. 6, vertical
dashed line) may be the optimal dose of 2-DG that can
theoretically block network bursts while keeping 70% of slices
viable (Fig. 6, horizontal dashed line).
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ATPase. During epileptiform events, a large amount of Na⫹
enters and K⫹ exits neurons, which depend on Na⫹-K⫹ATPase to restore the transmembrane gradient. Failure of
Na⫹-K⫹-ATPase activity will lead to the collapse of the
transmembrane ion gradient, and neuronal firing will eventually cease. In addition, increased intracellular Na⫹ will slow

pyruvate/lactate available to enter TCA, thus greatly reducing
ATP production needed to sustain robust epileptiform activity.
Disruption of glycolysis and ATP production may cause
broad-spectrum consequences on membrane-bound pumps,
channels, and receptors that are important for neuronal activity,
particularly the energy-consuming active ion pump Na⫹-K⫹-
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Na⫹-Ca2⫹ exchange (Török 2007), resulting in an increase of
intracellular Ca2⫹, which in turn activates Ca2⫹-dependent K⫹
channels to hyperpolarize the membrane. Moreover, a reduction of ATP and accumulation of adenosine will activate
ATP-sensitive K⫹ channels (Ashcroft and Gribble 1998; Lutas
and Yellen 2013) and A1 adenosine receptors (Masino and
Geiger 2008), leading to membrane hyperpolarization and
suppression of seizure activity. Interestingly, neuronal metabolism increases even before seizure onset (Ingram et al. 2014;
Wei et al. 2014), suggesting that enhanced energy production
is important for seizure initiation. Thus reduced glycolysis can
not only block ongoing seizure activity but also may abrogate
seizure occurrence.
Another important mechanism by which glycolytic inhibition might block seizures is related to synaptic transmission. It
has been proposed that cytosolic ATP produced by glycolysis
is important for presynaptic glutamate loading into synaptic
vesicles (Ikemoto et al. 2003; Takeda and Ueda 2012). Thus
glycolytic inhibition reduces ATP production in the presynaptic terminal, which may decrease glutamate release. A recent
preliminary study reported that 2-DG reduces both spontaneous (and miniature) excitatory synaptic currents and spontane-

ous inhibitory synaptic currents (Pan et al. 2014), supporting
this hypothesis. Also, a recent study in hippocampal dentate
gyrus neurons showed that 2-DG enhanced tonic GABAergic
current and reduced neuron excitability (Forte et al. 2016). In
addition, glycolytic inhibition may shift G-6-P into the pentose
phosphate pathway (Fig. 1) and increase the production of
glutathione, a potential endogenous anticonvulsant (Abe et al.
2000; Lian et al. 2007). These potential mechanisms remain to
be investigated in future studies.
It is important to note that neuronal activity depends on ATP
not only from neuronal glucose metabolism but likely also
from glia. Accumulating evidence has shown that astrocyteneuron metabolic cooperation is essential for brain energy
metabolism, especially during neuronal activity (Bélanger et al.
2011; Magistretti and Pellerin 1996; Nehlig and Coles 2007;
Sada et al. 2015). Particularly, glucose taken up by astrocytes
also undergoes glycolysis to produce pyruvate, which is converted to lactate, which in turn is shuttled to neurons, where it
is converted back to pyruvate and enters the TCA. This
pathway is known as “astrocyte-neuron lactate shuttle,” which
is critical in controlling neuronal activity (Bélanger et al. 2011;
Sada et al. 2015) In our study, bath application of 2-DG
effectively shuts down neuronal and network activity, likely
because 2-DG inhibits glycolysis in both neurons and glia. In
contrast, intracellular application of 2-DG inhibits glycolysis
only in the recorded neuron but fails to stop its spontaneous
firing (Fig. 4), supporting the hypothesis that neurons may
obtain fuel supply through the astrocyte-neuron lactate shuttle
to maintain their activity.
Potential clinical use of 2-DG as an anti-seizure agent.
Accumulating preclinical evidence supports the potential of
2-DG as a clinically useful agent for seizure prevention or
treatment. 2-DG reduces seizures in a wide diversity of animal
models, supporting a broad mechanism of action that differs
from all currently available anti-seizure drugs. For example,
2-DG suppresses seizures elicited by 6-Hz corneal stimulation,
kindling of the amygdala and olfactory tract, and audiogenic
stimuli (in Frings mice), thus spanning both focal-onset and
generalized seizures, but it does not suppress maximum electroshock seizures or pentylenetetrazole-induced seizures (Garriga-Canut et al. 2006; Stafstrom et al. 2009). Furthermore,
2-DG has a favorable safety profile with no significant or
long-lasting effects on learning, memory, or general health
(Ockuly et al. 2012). 2-DG has been used for decades as a
radio-tagged label in positron emission tomography (PET)
studies to identify metabolically active brain regions, confirming its safety in humans (Elman et al. 1999). Reversible cardiac
toxicity in the form of vacuolar degeneration and endothelial
cell hypertrophy were reported at high (supratherapeutic) doses
of 2-DG (Minor et al. 2010), but these adverse effects can be

Fig. 5. Glycolytic inhibition abolishes epileptiform network bursts induced by 0 Mg2⫹/4-AP in a dose-dependent, all-or-none manner. A: extracellular field
potential recordings showing epileptiform bursting activity in hippocampal CA3 induced by 0-Mg2⫹ medium containing 50 M 4-AP. These bursts were
typically “interictal-like,” lasting for 0.1– 0.5 s (insets). Bath application of low concentrations of 2-DG (0.5–1 mM) had no effect on the bursts (A, top trace).
At 2 mM, 2-DG effectively blocked all network bursts (A, middle trace) while single-unit activity persisted (inset at right). At a higher dose (10 mM), 2-DG
consistently and completely abolished all the network and single-unit activity, and the slice became silent and nonresponsive (A, bottom trace), indicating
permanent damage. Asterisks indicate the recording sections before and after 2-DG and are shown on an expanded timescale in insets. Note that single-unit
activity remained in 2 mM 2-DG but was absent in 10 mM 2-DG. B: time course of recordings in A showing the different effects of 2-DG at different doses.
C: summary data showing the 2-DG dose response for each slice. Note that 2-DG blockade of network bursts was largely all-or-none; i.e., 2-DG either had no
or a minor effect, or completely blocked bursts. The numbers in parentheses indicate the fraction of slices that expressed complete 2-DG blockade out of all slices
in each dose group. D: averaged burst rate across slices before (Pre) and after 2-DG at various doses. *P ⬍ 0.05; **P ⬍ 0.01, 2-tailed paired t-test.
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Fig. 6. Dose responses of 2-DG on network burst blockade and slice survival.
Graph summarizes the dose responses of 2-DG on network bursts (circles) and
on slice survival (triangles), represented by the percentage of slices showing
complete burst blockade or the percentage of slice survival (defined in
RESULTS) as a function of 2-DG concentration. The blockade curve is fitted
with exponential cumulative probability, and the survival curve with exponential decay. In general, burst blockade increases while slice survival decreases
with increasing 2-DG concentration. The efficacy of 2-DG burst blockade
approaches a steady-state around 3.5 mM, after which slice survival rate drops
exponentially. The dotted area represents a feasible dose window for 2-DG
(2-4 mM) to effectively block epileptiform bursts while not causing major
neuronal damage. The theoretically optimum 2-DG dose may be at the
intersection of the two curves, where ~70% slices will stop bursting and remain
viable (horizontal dashed line), corresponding to ~2.7 mM 2-DG (vertical
dashed line).
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monitored and averted by following brain natriuretic peptide
levels (Terse et al. 2016). Therefore, 2-DG represents a unique
compound with antiseizure and antiepileptic actions. Data
regarding 2-DG action at the cellular level, as reported in this
article, adds to understanding of the spectrum of usefulness and
could guide modifications as clinical development proceeds.
In summary, our findings suggest that neuronal and network
activity is tightly coupled to the metabolic state and that the glycolytic
inhibitor 2-DG can effectively suppress epileptiform activity, which
may hold as a novel treatment for drug-resistant epilepsy.
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