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Abstract
A dietary therapy for pediatric epilepsy known as the ketogenic diet has seen a revival in its
clinical use in the past decade. Though the diet’s underlying mechanism remains unknown,
modern scientific approaches like genetic disruption of glucose metabolism are allowing for more
detailed questions to be addressed. Recent work indicates that several mechanisms may exist for
the ketogenic diet including disruption of glutamatergic synaptic transmission, inhibition of
glycolysis, and activation of ATP-sensitive potassium channels. Here we describe on-going work
in these areas that is providing a better understanding of metabolic influences on brain excitability
and epilepsy.
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The ketogenic diet treatment for epilepsy
Trends in neuroscience come and go. In the 1920’s world of clinical neurology, momentum
gathered behind the idea of treating epileptic seizures not with the few and rather inadequate
medications available at the time, but by a radical change in diet: elimination of all but a tiny
amount of ingested carbohydrate and substitution mostly by dietary fat, a so-called
“ketogenic diet” (Box 1). Then, despite many reports of the effectiveness of this diet in
reducing seizures in patients with epilepsy, the diet was quick to fade from the clinical
arsenal once the first really effective modern anticonvulsant drug, diphenylhydantoin, was
introduced in the late 1930’s.

Decades later and with dozens of new anticonvulsant drugs, roughly a third of epilepsy
patients still fail to achieve significant relief from seizures with drug treatment [1]. Clinical
interest in the ketogenic diet was renewed in the 1990’s, now specifically as a treatment for
children with drug-resistant seizures. Its efficacy has been supported in retrospective and
prospective studies as well as in a recent randomized trial [2], and many major centers now
offer dietary therapy for epilepsy. But its utilization in epilepsy patients remains low for a
variety of reasons: tolerability, compliance with the strict diet, management, and training in
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diet administration – as well as a general reluctance on the part of neurologists to employ
dietary therapy.

Still, the diet often succeeds in control of seizures when drugs fail, indicating that the
metabolic changes produced by the diet tap into anticonvulsant mechanisms that are not
targeted by existing medications. Neurobiologists’ interest in dissecting – and ultimately, in
reverse engineering – the nature of these mechanisms is on the rise, and here we review the
latest insights from this work.

How can altered diet, and the ensuing changes in brain metabolism, affect brain excitability?
Neuronal excitability is intertwined with energy metabolism in multiple ways. At the most
basic level, maintenance of neuronal function incurs a substantial energy demand, and this
demand must be met by very active cellular metabolism (Box 2). It is also known that
certain specialized neurons and neuroendocrine cells are specially tuned to sense metabolic
changes, in order to regulate hormonal secretion, energy management, and feeding behavior.
But in addition to these obvious links between excitability and metabolism, many neurons
whose primary function is not the sensing of metabolism can also alter their excitability in
response to metabolic changes.

Metabolic changes associated with the ketogenic diet
The classic ketogenic diet consists of a 4:1 ratio of fats to proteins and carbohydrates [3].
This drastic decrease in carbohydrates reduces the amount of glucose utilization. Instead,
fatty acids are used by the liver to produce the ketone bodies, beta-hydroxybutyrate (BHB)
and acetoacetate, which fuel cellular metabolism in lieu of glucose. Much of the energy
production of the body goes into fueling neurons, which have a high rate of energy
expenditure (Box 2). On the ketogenic diet, ketone bodies replace glucose as the major fuel
source for the brain [4].

Do ketone bodies reduce neuronal excitability?
The two major areas of focus in research on the ketogenic diet have been the ketone bodies
themselves and the metabolic changes associated with decreased glucose oxidation. Early
clinical studies of dietary treatment of epilepsy attributed ketosis with seizure protection and
injection of ketone bodies has been described to be anticonvulsant [5–7]. In animal models,
the level of ketosis has not correlated well with the degree of efficacy of the ketogenic diet
[8–11]. However, in humans, there is still evidence for the importance of elevated blood
ketone bodies [12, 13] and brain ketone body levels may end up correlating with seizure
protection. Several recent studies have directly examined the role of ketone bodies on
neuronal excitability.

Direct inhibition of vesicular glutamate loading by ketone bodies
One long-standing hypothesis is that ketone bodies may act directly as pharmacological
agents, but possible targets have been unclear. Recently, glutamate transport into synaptic
vesicles by the vesicular glutamate transporter, VGLUT2, was found to be inhibited by the
ketone body acetoacetate [14] at concentrations that are expected during the ketogenic diet.
This effect can decrease glutamate release by cultured neurons exposed to acetoacetate.
Furthermore, in these experiments (though not in an earlier study [15]), acetoacetate reduced
excitatory glutamatergic synaptic transmission at hippocampal CA1 neurons (Figure 1).
There was no effect on inhibitory synaptic input, consistent with the lack of inhibition of the
vesicular GABA transporter by acetoacetate.
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Inhibition of glutamate signaling by acetoacetate would be expected to reduce neuronal
excitability. Indeed, neuronal hyperexcitability induced in rats by infusion of 4-
aminopyridine, a potassium channel blocker and proconvulsant, was reduced by direct
infusion of acetoacetate into the brain [14]. It should be noted that, in this case, the 10 mM
acetoacetate directly dialyzed into the rat brain was considerably higher than the effective
concentrations required for inhibition of VGLUT2 and than expected during the ketogenic
diet. Additionally, the relative seizure severity score used does not indicate the level of
seizures induced (i.e. hypoactivity versus full tonic-clonic seizures), so it is unclear whether
acetoacetate is effective on mild or severe seizure levels.

The reduction in glutamate release by acetoacetate is one promising candidate for how the
diet might reduce seizures. However, organotypic hippocampal slice cultures chronically
exposed to BHB were not protected from pharmacologically induced epileptiform activity
[16]. Additionally, acetoacetate rapidly breaks down to acetone or is converted to BHB, so it
remains to be shown whether acetoacetate levels in the brain during dietary therapy are
actually sufficient to chronically inhibit VGLUT2.

Earlier work suggested that increased production of the inhibitory neurotransmitter GABA
might result from changes in brain metabolism produced by ketogenic diet [17]. It is
hypothesized that glutamate recycling via glutamine becomes more efficient when ketone
bodies are available, and that this may improve GABA resynthesis for inhibitory
neurotransmission even more than it affects glutamate repackaging for excitatory
neurotransmission [17]. The higher GABA production would be expected to increase
inhibitory signaling in the brain, though, in rodents, elevations in total brain GABA levels
have not been found [18]. Such changes in GABA signaling could complement the
hypothesized alteration in glutamate signaling produced by acetoacetate.

Ketone bodies can increase mitochondrial metabolism and decrease glycolysis
Because ketone bodies are directly metabolized by mitochondria, glycolysis is bypassed and
even inhibited by the increase in mitochondrial metabolism [4, 19]. This metabolic shift is
expected to increase mitochondrial ATP production and decrease glycolytic ATP
production. Glycolytic enzymes are often found associated with membrane proteins [20–23]
and may produce a compartmentation of ATP at the plasma membrane [24, 25]. Indeed, it is
believed that the pumps maintaining the intracellular ionic concentrations utilize glycolytic
ATP [21]. The submembrane consumption of ATP by pumps may activate nearby ATP-
sensitive potassium (KATP) channels [26, 27], candidates for the link between metabolism
and neuronal excitability. Intracellular ATP inhibits this channel and activation of the
channel upon metabolic inhibition or ATP consumption generates a hyperpolarizing current
that reduces cellular excitability [28]. Their role is best characterized in pancreatic beta cells
where open KATP channels maintain the membrane potential at a negative, hyperpolarized
level [29]. Increases in blood glucose levels lead to inhibition of KATP channels by ATP,
which then permits membrane depolarization and triggers insulin release. Similarly, in the
hypothalamus, KATP channels control the activity of glucose-sensitive neurons, which are
important for regulation of energy consumption and body weight [30, 31].

KATP channels are widely expressed in the brain [32–34] and may play a role in the
anticonvulsant action of the ketogenic diet, possibly via a use-dependent mechanism [35].
Increased activity of the channel has been observed with bursts of action potentials in
respiratory neurons [26] and in hippocampal dentate granule neurons [27]. Inhibition of the
Na+/K+ pump prevented the activation of the channels, supporting the hypothesis that ATP
consumption by the pump released KATP channels from ATP inhibition. These negative
feedback actions of KATP channels may be augmented by the ketogenic diet, as the presence
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of elevated BHB also increased the activity of KATP channels in dentate granule neurons
[27], possibly via the decrease in glycolytic ATP production.

Ketone bodies reduce neuronal excitability via KATP channels
Consistent with increased KATP channel activity, ketone bodies were found to directly
reduce neuronal firing rates of spontaneously active substantia nigra pars reticulata (SNr)
GABAergic neurons from mouse brain slices [36]. SNr neurons are important regulators of
motor output and have been considered a “seizure gate” [37]. Addition of acetoacetate or
BHB produced a slowing of firing rate that was mediated by the activation of KATP channels
and depended on GABAB receptors. The mechanism of activation of KATP channels may
involve reductions in submembrane ATP levels or, alternatively, it may involve G-protein
signaling. Consistent with this alternate method of KATP channel activation, G-protein
activation of KATP channels has been linked with GABAB receptors [38] or adenosine A1
receptors [39, 40].

Brain adenosine levels affect seizure susceptibility
Adenosine signaling via A1 receptors can reduce neuronal excitability [41], and an increased
level of adenosine in the brain has been hypothesized as a mechanism for the anticonvulsant
effect of the ketogenic diet [42]. Recent evidence shows that the ketogenic diet can reverse
seizures in mice that are produced by disruption of adenosine A1 receptor signaling.
Electrographic seizure-like activity was recorded in the hippocampus of transgenic mice
overexpressing adenosine kinase [43] or mice lacking the adenosine A1 receptor [44]. In the
adenosine kinase transgenic mice, this hyperexcitability was reduced when they were fed a
ketogenic diet [44]. The effectiveness of the ketogenic diet in reducing the seizures was
reversed by injection of glucose or of DPCPX, a blocker of the adenosine A1 receptor.

These findings suggest that the ketogenic diet may increase extracellular adenosine and
therefore adenosine signaling, thereby reversing the impairments producing the seizures in
this model. However, it is not known whether dysfunctional adenosine signaling underlies
seizures in other rodent models or in human cases. Therefore, it will be intriguing to see
whether adenosine is involved in ketogenic diet seizure protection in classical rodent seizure
models that do not rely directly on disruption of adenosine receptor signaling for production
of seizures.

Reducing glucose usage might be more important
So far, we have examined recent ideas into how ketone bodies themselves may be important
for prevention of neuronal hyperexcitability. Ketone body levels, though, have not
consistently correlated with the level of seizure control. Instead, a decrease in glucose
metabolism has been hypothesized to be important for the seizure protection. The
anticonvulsant properties of the ketogenic diet can be rapidly reversed upon infusion of
glucose [45], supporting the importance of decreased glucose usage. Additionally, new
modifications to the ketogenic diet, which do not necessarily generate ketosis, are also
effective in children with intractable epilepsy [46]. Thus, a reduction in glucose usage might
be more important than ketone bodies. Unfortunately, dietary treatments in rodents have led
to conflicting results in seizure models possibly as a result of strain differences or
differences in the composition of the diet (Box 3). This has made it difficult to compare
ketogenic diet results in rodents with seizure protection in humans. Recently, more direct
metabolic manipulations in rodents have allowed for some new insights into how decreased
glucose utilization reduces seizures.
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Reduced glucose utilization confers seizure resistance
One promising approach to assess seizure susceptibility is the use of mutant mice exhibiting
chronic altered metabolism. Mice lacking the protein BAD (BCL-2-associated Agonist of
Cell Death) [47], have reduced cellular glucose metabolism [48]. Real-time mitochondrial
oxygen consumption rates measured in cultured hippocampal neurons and astrocytes from
BAD knockout mice showed reduced glucose oxidation and elevated BHB metabolism [49].
Consistent with a shift away from glucose utilization, BHB levels were elevated in brain
extracts from BAD knockout animals, a result that is reminiscent of the characteristics of the
ketogenic diet. Moreover, the reduced glucose metabolism in BAD knockout mice conferred
resistance to acute seizures induced by kainic acid or pentylenetetrazol injection. The seizure
resistance was not a result of BAD’s apoptotic role, but rather its role in glucose
metabolism, as shown by parallel effects on seizures by BAD mutations with opposite
effects on apoptosis.

To elucidate the link between metabolic changes and neuronal excitability, the activity of
KATP channels in hippocampal brain slices from BAD mutant mice was also examined in
this study [49]. KATP channels, recorded from dentate granule neurons, were significantly
more active in the BAD mutant slices (Figure 2). Furthermore, whole cell KATP currents
were elevated in BAD mutant neurons and increasing the intracellular ATP concentration
could decrease these currents. Supporting these in vitro results, mice lacking both BAD and
Kir6.2, the pore-forming subunit of the KATP channel, reversed the seizure resistance,
providing genetic evidence that KATP channels were important for the seizure resistance in
BAD mutant mice.

The mechanism of elevated KATP channel activity in BAD mutant mice is not known. It was
speculated that a down-regulation of glycolysis by the shift to ketone body oxidation might
increase KATP channel activity (Figure 2), but this has not been demonstrated. In addition, it
is unknown whether the elevated KATP activity recorded in dentate granule neurons occurs
in other brain regions in BAD mutant mice. Dentate granule neurons are important in gating
hyperexcitability from spreading beyond the dentate gyrus into other areas of the
hippocampus [50–53], but it seems unlikely that changes in these cells alone would be
sufficient to confer the substantial seizure resistance of BAD mutant mice. Though these
questions await further investigation, BAD mutant mice provide a new tool to dissect the
mechanism of metabolic reduction of seizures.

Glycolytic inhibition is anticonvulsant
The reduction in glucose levels and increase in ketone body metabolism observed during the
ketogenic diet are consistent with a decrease in glycolysis. This has led to studies examining
the ability of glycolytic inhibition to reduce seizures. The glucose analog, 2-deoxyglucose
(2DG), inhibits glycolysis by decreasing glucose uptake [54] and competing for
phosphoglucose isomerase [55]. 2DG is able to slow seizure progression in the rodent
kindling seizure model [56]. This antikindling effect was proposed to result from decreased
expression of brain-derived neurotrophic factor (BDNF) and the BDNF receptor, TrkB. The
mechanism of the decreased expression may involve the repression of BDNF by the NADH
binding protein CtBP and neuron restrictive silencing factor (NRSF). BDNF is a candidate
proconvulsant and reduction of BDNF signaling via its receptor TrkB is expected to increase
seizure resistance [57, 58]. A recent study supported NRSF’s role in the anticonvulsant
properties of 2DG, but demonstrated that the ketogenic diet could still increase seizure
resistance in mice lacking NRSF [59]. NRSF might not be required for the ketogenic diet, or
multiple redundant mechanisms might exist for the diet.
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Reduced oxidative stress may be involved in the seizure protection of the ketogenic diet
Metabolic changes could also improve seizure resistance by reducing reactive oxygen
species (ROS). Rats injected with fructose 1,6-bisphosphate, which has been shown to shift
glucose utilization to the pentose phosphate pathway [60], were more resistant to acute
seizures [61]. Because the pentose phosphate pathway produces NADPH, which is used to
reduce intracellular ROS, it is hypothesized that the improved antioxidant function might be
important for seizure protection [62]. Several studies have presented evidence that the
ketogenic diet augments mechanisms that attenuate ROS [63–66]. While reduction of ROS
is known to improve cell health, it is not fully understood if this would serve only a
neuroprotective role or also function to directly reduce neuronal excitability.

Neuroprotection and anti-epileptogenic effects of dietary treatment
While this review focuses on relatively direct mechanisms by which altered metabolism may
reduce seizures through altered neuronal excitability, a ketogenic diet may also protect
against or even reverse the chronic sequelae of seizures. Cellular metabolic stress during
seizures can lead to neuronal death, and the ketogenic diet may serve a neuroprotective role,
both by supplying additional cellular fuels and by reducing production of damaging reactive
oxygen species [67].

The brain can also respond to seizures by “learning” to have seizures more easily, a process
known as “epileptogenesis” that involves changes in intrinsic excitability, synaptic
connectivity, and synaptic plasticity [68]. Dietary treatment for epilepsy may reverse these
changes by blocking seizure activity itself and allowing a slow “unlearning” of seizures –
many patients whose epilepsy is well-controlled for several years, either by dietary therapy
or by conventional anticonvulsant medications, are able to remain seizure-free after stopping
treatment. Some hypothesize that dietary treatment may also promote the “unlearning” of
seizures by its effects on gene regulation [56, 58, 69, 70].

Conclusions
Interest in dietary treatments for pediatric epilepsy has grown in recent years, which has
motivated new research studies into the mechanism of the ketogenic diet. It is evident from
recent advances that multiple mechanisms are likely at play (Figure 3). Ketone bodies could
be acting directly to inhibit vesicular glutamate transport, but they also produce important
changes in cellular metabolism that reduce seizures. Ketone bodies alter metabolism by
bypassing glycolysis and increasing mitochondrial oxidation. This metabolic change may
lead to activation of KATP channels, which can reduce neuronal excitability. Recent
evidence suggests that elevated KATP activity might occur with reduced glucose oxidation,
as observed in BAD mutant animals, and the increased KATP activity confers seizure
resistance. Inhibiting glycolysis directly using 2DG was also found to prevent seizures in
rodent models through avenues involving decreased BDNF signaling. Alternatively,
reducing glycolysis by shifting glucose metabolism to the pentose phosphate pathway was
shown to reduce seizures, possibly through improved ROS handling.

Unraveling the complete picture of the ketogenic diet’s anticonvulsive properties will
require further studies on the ways in which cellular metabolism can shift membrane
excitability. Newly developed methods for monitoring chronic seizures, genetic tools for
manipulation of metabolism, and improved in vitro techniques for assessing metabolism and
excitability will enable future progress in answering the outstanding questions (Box 4). Diet
may act through multiple simultaneous mechanisms that differ depending on cell-type and
brain-region. Future work may link the individual findings from many studies of metabolic
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modification of neuronal activity in a unified explanation of the potent anti-seizure action of
the ketogenic diet.
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Box 1: The ketogenic diet

The ketogenic diet was developed in the 1920’s to mimic the elevation in circulating
ketone bodies, which were believed to be the active component of the fasting treatment
for epilepsy [72, 73]. The classical ketogenic diet consists of a 4:1 ratio (by weight) of
fats to carbohydrates plus proteins [3]. Patients adhere to a highly regimented diet that is
specially designed by a dietician. The diet was widely used until the discovery of
diphenylhydantoin (dilantin) in 1938, after which research focus was diverted towards
drug development [74].

The past two decades have seen an increase in the use of the diet, especially for the
roughly 30% of children for whom pharmacological treatments are unable to control their
seizures [1]. The ketogenic diet is accepted as an effective treatment for drug-resistant
pediatric epilepsy [2], as well as certain disorders of glucose transport [75]. Recent
clinical research has also shown that modified forms of the diet such as a modified
Atkins diet (MAD) [76–78] and the low glycemic index treatment (LGIT) [46, 79] can
also be effective at controlling seizures. These modifications make the diet less stringent,
which can make it easier for patients to stick to the diet, an important condition for the
efficacy of the treatment.

Lutas and Yellen Page 12

Trends Neurosci. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Box 2: Neuronal energy consumption

The division of energy usage varies among neuronal subtypes, but the major components
are consistent – housekeeping processes, maintenance of resting potentials, action
potentials, and synaptic transmission. As with all cells, basic “housekeeping” and
transport processes require energy usage, but these processes account for only 25–50% of
neuronal energy consumption [80, 81]. The additional consumption comes from the
maintenance of resting potentials and neuronal signaling. Maintaining the resting
potential and reversing the changes in intracellular ionic concentrations produced by
neuronal signaling primarily require ATP utilization by the Na+/K+ pump, but other
pumps including the Ca2+-ATPase also consume energy [82].

This rapid energy consumption triggers energy production, some of which is thought to
occur locally at sites of energy usage. For example, glycolytic enzymes have been found
to be coupled to the membrane pumps, suggesting that glycolytic ATP may rapidly fuel
pump activity [20, 21, 82–84]. Increased neuronal activation is also thought to increase
glycolysis in astrocytes and provide neurons with lactate as a mitochondrial fuel source
[85]. There is extensive evidence for neuronal usage of lactate as an energy source during
activity [86–91] and studies on lactate utilization will be of importance for better
understanding neuronal metabolism.

Lutas and Yellen Page 13

Trends Neurosci. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Box 3: Seizure models and the ketogenic diet

Newly developed tools and rodent seizure models will be important to produce future
understanding of the ketogenic diet. Many of the currently used rodent seizure models
were designed for the screening of anticonvulsant drugs. Results using the ketogenic diet
on acute seizure models have been promising [92], but often inconsistent [93]. Future
studies using rodent models with chronic, spontaneous seizures that are monitored using
new methods of wireless electroencephalography (EEG) recording and automated,
unsupervised behavioral analysis will allow for more realistic rodent epilepsy studies.
Furthermore, using animals with genetically altered metabolism (e.g. [49]) may prevent
complications created by dietary changes in rodents, which may not produce the same
degree of change in fuel utilization as found in humans [94–96].

In addition to the considerations of in vivo rodent models, the results from in vitro assays
used to test the role of ketone bodies on neuronal excitability may be confounded by
recording conditions used. Adequate oxygenation is necessary to sustain mitochondrial
respiration [91, 97], and temperature and ionic conditions can greatly affect neuronal
metabolism. Additionally, using minimally invasive recording techniques to assess
excitability will be important so that intracellular metabolic conditions are preserved. The
use of fluorescent biosensors of metabolism [98] will also allow for real-time monitoring
of metabolic changes associated with neuronal excitability.
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Box 4: Outstanding questions

• To what extent does glycolysis or oxidative phosphorylation contribute to
sustaining neurons at rest and during activation? Is neuronal excitability affected
by shifting metabolism towards more mitochondrial oxidation and less
glycolysis?

• How do different metabolic states affect the activity of specific subtypes of
neurons? Is there a difference between glutamatergic and GABAergic neurons
in their response to metabolic changes?

• Do neurons utilize submembrane local energy production to sustain pump,
channel, and receptor function? Does ATP compartmentation exist in the brain
and is it important for metabolic regulation of excitability?

• How do ketone-fueled neurons differ from glucose-fueled neurons? What are
the acute and chronic effects of ketone body metabolism?

• What in vivo and in vitro epilepsy models are best for assessing the effect and
mechanisms of the ketogenic diet?

• Can the therapeutic effects of dietary treatment, particularly for patients who do
not respond to current drug treatment, be mimicked by new pharmacological
approaches?
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Figure 1. Ketone body inhibition of vesicular glutamate transport
(A) Transport of glutamate into synaptic vesicles occurs via vesicular glutamate transporters
(VGLUT). Acetoacetate (ACA), a ketone body whose level is elevated in patients on the
ketogenic diet, was shown to be an inhibitor of VGLUT, competing with chloride for the site
of allosteric regulation [14]. (B) When ACA was applied to hippocampal brain slices,
glutamatergic synaptic transmission onto CA1 pyramidal cells was significantly reduced
[14]. This reduced glutamatergic signaling may reduce brain excitability and potentially
contribute to the mechanism of the ketogenic diet. Abbreviations: mEPSC, miniature
excitatory postsynaptic current, **, P< 0.01. Reproduced, with permission, from [14].

Lutas and Yellen Page 16

Trends Neurosci. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 2. KATP channels mediate the seizure resistance of BAD mutant mice
BAD regulates mitochondrial metabolism of glucose and ketone bodies. In BAD knockout
or mutant animals, glucose utilization is reduced while ketone body metabolism is elevated
[48]. This metabolic switch results in increased KATP channel activity, as demonstrated by
cell-attached recordings of KATP channels in dentate granule neurons in brain slices from
BAD knockout and mutant brains [49]. BADdeficient mice are more resistant to seizures
induced by injection of kainic acid (bottom left panel) and show reduced cortical seizure
activity as recorded by electroencephalogram (EEG) (bottom right panel) [49]. Reproduced,
with permission, from [49] (middle and bottom panels).
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Figure 3. Potential mechanisms of the ketogenic diet
(A) Schematic diagram illustrating the key metabolic pathways and diet targets.
1) Ketone bodies enter neurons via the monocarboxylate transporter (MCT) and are directly
metabolized by mitochondria.
2) Glucose levels are reduced during the ketogenic diet as ketone bodies become the major
fuel in the brain. Reduction of glucose metabolism in BAD mutant mice, or inhibition of
glycolysis using 2-deoxyglucose, results in seizure protection [49, 56].
3) Ion pumps maintain ion homeostasis and consume intracellular ATP. Neuronal function
is energetically demanding [81], which allows for changes in metabolism to modulate
neuronal function.
4) KATP channels hyperpolarize neurons and may link changes in metabolism to neuronal
excitability [35, 36]. Decreases in cytosolic ATP, possibly via increased pump consumption
of ATP, lead to increased KATP channel activity [26, 27].
5) Extracellular adenosine can signal through A1 receptors and G-proteins to activate
hyperpolarizing conductances like the KATP channel [39, 40]. Release of adenine
nucleotides through pannexin hemichannels or by exocytosis can modulate extracellular
concentrations of adenosine.
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6) Antioxidant capacity can be increased by shifts of glucose metabolism into the pentose
phosphate pathway (PPP). This improves cellular handling of ROS and can act to protect
neurons; such neuroprotection may be important for antiepileptogenesis [62– 65].
7) Gene expression can respond to changes in cellular metabolism, with downstream effects
on excitability. 2-deoxyglucose inhibits glycolysis, which results in decreased in BDNF
expression [56]. Other changes in gene expression are likely to occur during the ketogenic
diet.
(B-D) Hypotheses for how metabolic changes could result in reduced hyperexcitability.
B. Reduced Glycolysis – reduced BDNF expression. Reduced glycolysis (for instance, by
application of 2-deoxyglucose) leads to a decrease in cytosolic NADH, which in turn
represses BDNF expression [56]. BDNF and its receptor, TrkB, have been implicated in
epileptogenesis (ie. in the development of spontaneous seizures after status epilepticus) [56,
57].
C. Increased adenosine – Increased KATP. In conditions of low glucose, extracellular
adenosine levels may be elevated via release of adenosine or ATP from neurons through
pannexin hemichannels [40]. Activation of adenosine A1 receptors could then increase KATP
channel activity and reduce neuronal excitability.
D. Metabolic switch – Increased KATP. A switch from glucose to ketone body metabolism
reduces the activity of glycolysis [4]. The reduced glycolytic production of ATP, combined
with pump consumption of ATP during neuronal activity, could lead to reduced ATP levels
near the plasma membrane. This in turn would increase KATP channel activity and reduce
the excitability of neurons. The metabolic switch can be induced either by increased
availability of ketone bodies (supplied by the liver via blood vessels, when on the ketogenic
diet) or by mutation of BAD (white outlines) [49]. Ketone bodies may also be produced
from fatty acids by neighboring astrocytes [71].
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