
NEURAL REGENERATION RESEARCH  
Volume 8, Issue 14, May 2013 
 
doi:10.3969/j.issn.1673-5374.2013.14.008   [http://www.nrronline.org; http://www.sjzsyj.org] 
Yang H, Wu JX, Guo R, Peng YF, Zheng W, Liu D, Song Z. Glycolysis in energy metabolism during seizures. Neural Regen Res. 
2013;8(14):1316-1326. 
 

 

 1316 

www.nrronline.org 

Heng Yang☆, Studying for 
doctorate, Professor.   
 
Corresponding author: Zhi 
Song, M.D., Professor, 
Department of Neurology, 
Third Xiangya Hospital, 
Central South University, 
Changsha 410013, Hunan 
Province, China, 
johnnelyang@hotmail.com. 
 
Received: 2012-12-04  
Accepted: 2013-03-27  
(N20120803001) 
 
 
 

 
Glycolysis in energy metabolism during seizures☆ 

Heng Yang1, Jiongxing Wu1, Ren Guo2, Yufen Peng1, Wen Zheng1, Ding Liu1, Zhi Song1 
 
 
1 Department of Neurology, Third Xiangya Hospital, Central South University, Changsha 410013, Hunan Province, China 
2 Department of Pharmacy, Third Xiangya Hospital, Central South University, Changsha 410013, Hunan Province, China 
 
 

Abstract  
Studies have shown that glycolysis increases during seizures, and that the glycolytic metabolite 
lactic acid can be used as an energy source. However, how lactic acid provides energy for seizures 
and how it can participate in the termination of seizures remains unclear. We reviewed possible 
mechanisms of glycolysis involved in seizure onset. Results showed that lactic acid was involved in 
seizure onset and provided energy at early stages. As seizures progress, lactic acid reduces the pH 
of tissue and induces metabolic acidosis, which terminates the seizure. The specific mechanism of 
lactic acid-induced acidosis involves several aspects, which include lactic acid-induced inhibition of 
the glycolytic enzyme 6-diphosphate kinase-1, inhibition of the N-methyl-D-aspartate receptor, 
activation of the acid-sensitive 1A ion channel, strengthening of the receptive mechanism of the 
inhibitory neurotransmitter γ-aminobutyric acid, and changes in the intra- and extracellular 
environment. 
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Research Highlights 
(1) Glycolysis increases during seizures, and the glycolytic metabolite lactic acid is used as an 
energy source during seizures.  
(2) The abnormal synchronized discharge of a large number of neurons leads to great consumption 
of brain bio-energy, so the body has to accelerate the bio-energy of ATP to maintain energy 
consumption by seizures through aerobic metabolism and anaerobic glycolysis. 
(3) During seizures, the aerobic metabolism pathway is inhibited, and the glycolytic pathway 
enhances the energy shortage caused by insufficient aerobic metabolism. The glycolytic metabolite 
lactic acid may be involved in supplying energy during seizures. 
(4) The main mechanisms of seizure termination include energy consumption and metabolic 
acidosis. Lactic acid induces acidosis by several possible pathways: lactic acid inhibits the activity of 
6 diphosphate kinase-1 and N-methyl-D-aspartate receptors, activates the acid-sensitive 1A ion 
channel, and strengthens the receptive mechanism of the inhibitory neurotransmitter γ-aminobutyric 
acid. 
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INTRODUCTION 
    
Epilepsy, second only to cerebrovascular disease, is one 
of the most common nervous system diseases[1]. Caused 
by a variety of factors, epilepsy is a chronic recurrent 
transient cerebral dysfunction syndrome characterized 
by the abnormal firing of neurons, and frequent seizures 
that bring about progressive damage to the brain. 
Epilepsy afflicts more than 50 million people worldwide, 
and more than 20 million of those affected continue to 
have seizures despite treatment with current antiepileptic 
drugs or surgery[2]. Recurring behavioral seizures are not 
merely disruptive; they are accompanied by long-term 
co-morbidities such as memory, cognitive and affective 
dysfunction. Epileptic seizures, a clinical feature of 
epilepsy, are an abnormal process in which different 
causes act on some part of the cerebral cortex of the 
brain, resulting in an excessive or hypersynchronous 
discharge of nerve cell groups, with corresponding 
appearance of clinical performances.  
 
To date, how to clarify the pathogenesis of epilepsy 
remains a challenge in the field of neuroscience. Epilepsy 
affects the brain at the molecular, cellular, and neural 
network level, leading to a rapid cascade of reactions[3]. 
Seizures involve a series of complex processes, such as 
nerve cell membrane depolarization caused by an instant 
change in ion channel dynamics, the rapid transfer of 
post-synaptic membrane action potentials caused by an 
excitatory and inhibitory neurotransmitter imbalance and 
the synchronized depolarization of a large number of 
neurons. The most important aspect of seizures is the 
fluctuating change in energy and bio-energy. Due to the 
unpredictability of epilepsy and the limitations of 
energetics research methods, most studies have focused 
on the change in glucose consumption of brain tissue, 
phosphocreatine/ATP and other energy related molecules 
before and after seizures using magnetic resonance 
spectroscopy, and functional MRI[4]. Few studies have 
investigated the effect of the continuous change in energy 
on the initiation, development and termination process of 
epilepsy, or the main energy source of the process during 
abnormal firing of neurons.   
 
Similar to earthquakes, seizures are a non-linear, slowly 
accumulating-quick release, continuous energy change 
process, when neural network energy reaches a critical 
state after the outbreak of the release, and then reaches a 
new equilibrium[5]. The entire system relies on a 
continuous and stable energy supply. During seizures, ion 
channels open, resulting in an imbalance in excitatory and 

inhibitory neurotransmitters, which causes increased 
neuronal excitability and increased energy consumption[2]. 
In addition, glucose metabolism increases, along with 
blood flow and oxygen consumption, while the local 
deoxyhemoglobin concentration and blood oxygen levels 
decrease signals as detected by functional MRI[6]. These 
findings indicate that energy consumption increases 
during seizures. The abnormal synchronized discharge of 
a large number of neurons leads to a great consumption of 
bio-energy in the brain. Thus, the body has to increase 
ATP production to maintain energy consumption caused 
by seizures through aerobic metabolism and anaerobic 
glycolysis[7]. A ketogenic diet is a high-fat, low-protein, low 
carbohydrate diet that has been employed as a treatment 
for medically intractable epilepsy for 86 years. The 
“classic” ketogenic diet is based upon consumption of 
long-chain saturated triglycerides in a 3:1–4:1 ketogenic 
diet ratio of fats to carbohydrates + protein (by weight)[8]. 
The vast majority of calories (> 90%) are derived from fat. 
Despite nearly a century of use, the mechanisms 
underlying its clinical efficacy remain unknown. A 
remarkable feature of the ketogenic diet is that ingestion of 
even a small amount of carbohydrate by patients who 
have achieved seizure control on the diet can rapidly 
reduce the diet effectiveness and result in seizure 
recurrence[9]. This clinical observation suggests that 
glycolysis and carbohydrate metabolism may promote 
seizure susceptibility and that inhibition or reduction of 
glycolysis may have anticonvulsant effects.  
 
Thus, glycolysis, an important in vivo bypass for energy 
supply, can relieve the energy shortage caused by the 
energy damage of aerobic metabolism. The glycolytic 
metabolite lactic acid is involved in seizure onset and 
provides energy in the early periods of the seizure. As 
seizures progress, lactic acid can terminate the seizures.  
 
In this paper, we reviewed the possible mechanism 
where glycolysis is involved in seizure onset to 
investigate the role of glycolysis in energy metabolism in 
seizures and to identify how lactic acid participates and 
terminates seizures. We hope to further understand the 
association between anaerobic metabolism and the 
pathogenesis of epilepsy.    
 
 
ROLE OF GLYCOLYSIS IN ENERGY 
METABOLISM 
 
Glycolysis is the process by which glucose decomposes 
into pyruvate in the cytoplasm, and is accompanied by 
the generation of a small amount of ATP. This process is 
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carried out in the cytoplasm, without oxygen 
consumption, with the basic steps for each reaction 
being catalyzed by specific enzymes. Pyruvate 
deoxidizes to lactate under anoxic conditions, and 
pyruvate can be further oxidized into acetyl-CoA, which 
enters the citric acid cycle and produces CO2 and H2O 
under aerobic conditions. The overall reaction is:  
glucose + 2 ATP + 2 ADP + 2 phosphate + 2 
nicotinamide adenine dinucleotide --> 2 pyruvate + 4 
ATP + 2 nicotinamide adenine dinucleotide + 2 hydrogen 
ions (H+) + 2 H2O. The outcome of this process is that 
two ATPs are consumed and four ATPs are generated. 
Therefore, two more ATPs are generated (Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Regulation of glycolysis  
Hypoxia is the most decisive factor for the initiation of 
glycolysis. Under stable conditions (when the oxygen 
level within the cell exceeds the needs of biological 
energy), aerobic metabolism occurs in cells. Under 
hypoxic conditions, mitochondrial activity in most cells 
reduces, and glycolysis becomes the main pathway to 
generate ATP[10]. The regulation of glycolysis is related to 
the key rate- limiting enzymes in glycolysis. These 
enzymes include hexokinase, 6 diphosphate kinase-1 
and pyruvate kinase. The activity of these enzymes are 
regulated by multiple factors such as hypoxia[10], ATP 
levels[11], insulin, metabolites[11-12] (both substrates and 
product), AMP, 2,6-diphosphate, 1,6-diphosphate, and 
citric acid. 
 
 
ENHANCED GLYCOLYSIS DURING 
SEIZURES 
 
Characteristics of aerobic energy supply during 
seizures 
During a seizure, abnormal discharge occurs in a large 
number of neurons, followed by rapid and repeated 
depolarization of the neuronal cell membrane, and an 
increase in cerebral blood flow, and metabolic rate of 

glucose and oxygen consumption[13]. Therefore, the brain 
is driven into a high metabolic state, making brain and 
cerebral cortex ATP levels decrease. As a result, energy 
supply to the brain becomes temporarily insufficient[14]. 
Therefore, energy supply is limited in epileptic seizures. 
Under these conditions, in order to maintain energy 
supply during a seizure, the body needs to speed up the 
production of ATP through aerobic metabolism (Krebs 
cycle) and glycolysis. In seizures, there is a significant 
increase in oxygen demand, which induces the brain into 
a relatively hypoxic environment; this will inevitably 
cause the decline of aerobic metabolism. Studies have 
found that the activity of key enzymes of the tricarboxylic 
acid cycle such as aconitase, malate dehydrogenase 
and succinate dehydrogenase decrease in epileptic 
seizures[15-16], and mitochondrial oxidative shock, which 
leads to the dysfunction of the electron transport chain 
(respiratory chain) and the reduction of ATP generation, 
eventually brings about a barrier to energy supply to the 
brain[17]. In addition, studies have shown that energy 
consumption by the central nervous system increases in 
epileptic seizures, but that barriers to aerobic metabolism 
impair the energy supply of aerobic metabolism[15-17]. 
 
Glycolysis increases in seizures 
The aerobic pathway does not supply sufficient energy 
for seizures, and provides the condition in which 
glycolysis becomes the way of supplying energy for 
seizures. Studies have confirmed that glycolysis 
increases during seizures. For example, the activity of 
some key enzymes involved in glycolytic metabolism 
such as phosphofructokinase and glucose kinase 
increase[18]; the glycolytic metabolic rate increases five 
times; ATP decreases by 15%; phosphocreatine 
decreases by 44%, while the metabolite of glycolysis 
lactic acid increases by 87% in the rat cerebral cortex[14]. 
These findings indicate that ATP levels in the cerebral 
cortex decrease and that energy supply is relatively 
insufficient. The increase in anaerobic glycolysis is 
involved in energy supply during seizure stress. In 
addition, proton magnetic resonance spectroscopy of 
seizure rats showed that lactic acid gradually increased, 
but peaked during and after seizure, which further 
suggested that anaerobic metabolism gradually 
increases during seizures[19]. This study shows that in 
seizures, when the energy provided by the aerobic 
metabolic pathway is relatively insufficient, the glycolytic 
pathway is needed to supply energy to the brain[19]. 
 
Lactic acid may be involved in supplying energy for 
seizures 
Tetramethylammonium-selective microelectrodes and 

Figure 1  Process of glycolysis.  

Glycolysis is the process by which glucose decomposes 
into pyruvate in the cytoplasm, accompanied by the 
generation of a small amount of ATP. 
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diffusion-weighted magnetic resonance imaging show 
that pilocarpine application leads to a rise in lactate, the 
lactate/pyruvate ratio and glutamate levels within 100 
minutes, with a subsequent decrease to control values 
140 minutes later[20]. The highest glucose levels occurred 
40 minutes after pilocarpine injection. This result shows 
that the source of energy during seizures may not be the 
direct decomposition of glucose. Dalsgaard and 
Secher[21] showed that the increase in glucose and 
oxygen consumption are disproportionate during a 
seizure, which further illustrates the important role of the 
glycolytic pathway in seizures, and that lactic acid may 
be the major source of energy.  
 
During seizures, abnormal discharge occurs in a large 
number of neurons, which is followed by rapid and 
repeated depolarization that extends to the neuronal cell 
membrane. In addition, cerebral blood flow and the 
cerebral metabolic rate of glucose and oxygen rapidly 
increases[22]. Therefore, the brain is driven into a high 
metabolic state, resulting in the consumption of great 
amounts of energy and a reduction in ATP levels in the 
cerebral cortex. As a result, the energy supply to the 
brain becomes temporarily insufficient, which induces 
status epilepticus and the destruction of brain function. 
Studies have shown brain glycogen, an energy material 
stored in astrocytes that is usually synthesized during 
sleep, decomposes during rest or in the physical state 
and is maintained at relatively low levels[23]. Once 
neuronal activity and energy consumption increase, as 
occurs during seizures, the metabolic rate of the brain 
rapidly increases, causing a great deal of brain glucose 
consumption. Thus, other energy supplies are needed. 
Glycogen stores in astrocytes are degraded by glycogen 
phosphorylase, and glycolysis occurs within a short time 
to allow ATP to supplement the energy required for 
seizures[24]. A study has shown that brain glycogen can 
decompose into lactic acid, which is an important energy 
source during epilepsy[21]. Moreover, lactic acid can 
provide energy through the astrocyte-neuron lactate 
shuttle pathway[25] and by the gap junction-mediated 
metabolic cycle pathway[26] under the transient depletion 
of glucose. Therefore, lactic acid may be involved in 
energy supply during primary stages of seizures. 
 
Mechanism of glycolysis activation during seizures 
During seizures, brain hypoxia increases the 
transcriptional level of the glycolytic metabolic molecule 
hypoxia inducible factor, so as to increase the activity of 
glycolytic metabolic enzymes and activate the glycolytic 
production of energy[10]. Low ATP levels and the 
glycolytic substrate 2,6-diphosphate fructose in the brain 

enhances the activity of PFKs by regulating the balance 
between the dimer and tetramer of 6-phosphate fructose 
kinase-1, thereby increasing the energy generated by 
glycolysis[11]. In addition, the decrease of blood glucose 
in brain tissue in seizures[14] stimulates insulin secretion, 
and insulin can induce in vivo synthesis of glucokinase, 6 
diphosphate kinase-1, and pyruvate kinase, thereby 
promoting the activity of these enzymes, and the energy 
generated by glycolysis. 
 
 
GLYCOLYSIS METABOLITES MAY BE 
INVOLVED IN THE TERMINATION OF 
SEIZURES 
 
Multiple mechanisms may terminate seizures. There are 
two mechanisms involved in the termination of seizures: 
the energy depletion mechanism and the metabolic 
acidosis mechanism.  
 
Mechanism of energy consumption and seizure 
termination 
The energy depletion hypothesis is based on the fact that 
neurons abnormally discharge during seizures, resulting 
in energy depletion, which may lead to termination of 
seizures. This hypothesis is evidenced by the fact that 
seizures can reduce oxygen, glucose, and metabolic 
substrates required for neurotransmission[27-30]. In vitro 
recordings show that electrographic seizure-like activity 
decreases when extracellular glucose is reduced in 
hippocampal slices maintained in low magnesium[31]. The 
effect of hypoglycemia on seizure-like discharges in vitro 
was statistically significant and slow. 50% fewer 
seizure-like discharges occurred in the 24-minute period 
following application of low glucose artificial 
cerebrospinal fluid when compared to the frequency of 
discharges in 30 minutes prior to application. Moreover, 
low glucose reduced the amplitude of the seizure-like 
discharge by 25%. These effects on the frequency and 
amplitude of seizure-like discharges were reversed by 
restoration of normal glucose levels. Some anti-epileptic 
treatments, such as the ketogenic diet, 1,6-diphosphate, 
and 2-deoxy-glucose have an effect on the inhibition of 
glycolysis. Their mechanism of action may involve a 
reduction in the production of energy during seizures, 
resulting in lowered neuron excitability. Thus the seizures 
are terminated. Previous studies have shown that the 
ketogenic diet is very effective in a variety of seizure 
types[32].The seizure frequency of most epilepsy patients 
was reduced by more than 50%[33-34]; and it had an 
antiepileptic effect on animal models of acute and 
chronic epilepsy[35-36]. The most common antiepileptic 
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mechanisms are the norepinephrine hypothesis[37-42] and 
the γ-aminobutyric acid hypothesis[43-45]. Recent studies 
have found that reductions in neuronal excitability inhibit 
epileptic seizures by lowering nicotinamide adenine 
dinucleotide-dependent gene regulation[46]. It was also 
found that 2-deoxy D-glucose has acute and chronic 
antiepileptic effects in many epilepsy models[47-48]. 
2-Deoxy D-glucose generates-6-phosphate 2-deoxy 
D-glucose, which is a competitive inhibitor of glucose that 
cannot be converted to fructose-6-phosphate by 
phosphorylate glucose isomerase, thus inhibiting 
glycolysis. Its acute antiepileptic mechanism remains 
unclear, but its chronic antiepileptic mechanism involves 
decreasing the expression of brain-derived neurotrophic 
factor and tyrosine kinase B, and decreasing neuronal 
excitability, thereby inhibiting seizures[47]. 1,6- 
Diphosphate has antiepileptic effects in many epilepsy 
models[49-50], and inhibits glycolysis by transferring 
glucose to the pentose phosphate pathway. Its 
antiepileptic mechanism parallels that of 2-deoxy 
D-glucose[51], that is, by changing the nicotinamide 
adenine dinucleotide/nicotinamide adenine dinucleotide 
ratio. The corresponding genetic changes down- 
regulates the expression of brain-derived neurotrophic 
factor and tyrosine kinase B, thereby reducing the 
excitability of nerve cells. In addition, the antiepileptic 
mechanism of fructose-1,6-diphosphate involves the 
activation of phospholipcase C, which increases the 
activity of the nitrogen-activated extracellular signal 
protein kinase/extracellular signal activated protein 
kinase signaling pathway[52]. However, the role of these 
factors remains unclear. While some studies suggest that 
depleting oxygen, glutamate and ATP can interrupt 
seizure–like activity, other works suggest reduced levels 
of these factors might initiate and worsen seizures[31, 53]. 
Moreover, it is well established that energy deprivation 
via either hypoxia or hypoglycemia-such as that 
produced by an insulin overdose-often results in coma 
and neuronal death, and is sometimes associated with 
onset of seizure activity rather than seizure control. 
Furthermore, in status epilepticus, seizures may last for 
several hours, indicating that prolonged seizures do not 
exhaust the fuel that sustains them and prolonged 
seizures cannot be terminated by energy depletion.  
 
Mechanism of metabolic acidosis and seizure 
termination  
Metabolic acidosis may be another mechanism by which 
seizures are terminated. During the epileptic discharge 
process, the accumulation of various metabolites that are 
generated by neuron misfiring during seizures leads to 
acidosis, and this may be involved in the process of 

seizure termination. Anaerobic glycolysis is known to 
increase seizures, and its metabolite lactic acid 
terminates seizures[54] (Figure 2).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lactic acid terminates seizures by inhibiting 
6-diphosphate kinase-1  
6-Diphosphate kinase-1 is a key regulatory glycolytic 
enzyme characterized by allosteric kinetics, a complex 
oligomeric structure with multiple modes of regulation. 
This enzyme is regulated by a variety of ligands including 
its substrates, reaction products and various other 
cellular metabolites such as adenosine monophosphate, 
fructose-2,6-bisphosphate, glucose 1,6-bisphosphate, 
and citrate. ATP, has a dual effect . At concentrations of 
up to 1 mmol/L it acts as an enzyme activator, but at 
higher concentrations it acts as an inhibitor. However, 
fructose 2,6-bisphosphate reverses the inhibitory effects 
of ATP. Below, we discuss how lactate down-regulates 
6-diphosphate kinase-1 activity.  
 
Glycolysis produces large amounts of lactic acid, causing 
the pH to decrease, resulting in extracellular acidosis. It 
was found when the pH is comparatively low (pH less 
than 7.5)[54], lactic acid can act on 6-diphosphate 
kinase-1 through allosteric regulation, making it separate 
from the tetrameric structure with strong metabolic 
activity to the dimer structure with low metabolic activity. 

Figure 2  Mechanism of metabolite acidosis and seizure 
termination. 

The glycolytic metabolite lactic acid can decrease the pH 
of tissue via the following ways: (1) inhibiting the activity of 
glycolytic enzyme 6 diphosphate kinase-1; (2) inhibiting 
the N-methyl-D-aspartate receptor; (3) activating the 
acid-sensitive 1A ion channel; (4) strengthening the 
receptive mechanism of the inhibitory neurotransmitter 
γ-aminobutyric acid; (5) changing intra- and extracellular 
environments and (6) other mechanisms such as directly 
suppressing the activity of voltage-gated Na+ and Ca2+ 
channels, and activating adenosine receptors and ATP 
receptors. 

Metabolite lactic acids 
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There are many studies that show that fructose 
2,6-bisphosphate is a potent activator of 6-diphosphate 
kinase-1[55]. 6-Diphosphate kinase-1 associates with 
f-actin, which induces the same effect as fructose 
2,6-bisphosphate, such as stabilization of the tetrameric 
conformation of the enzyme[56-57]. Meanwhile, 6- 
diphosphate kinase-1 is phosphorylated by protein 
kinase A upon adrenergic stimulation leading to a more 
active tetrameric-stable enzyme[58-59]. Fructose- 
2,6-bisphosphate and f-actin present distinct binding 
sites and protein kinase A promotes a covalent 
modification of the enzyme, counteracting the effect of 
lactate on 6-diphosphate kinase-1 activity. These results 
corroborate that lactate is acting on 6-diphosphate 
kinase-1 to dissociate the tetrameric structure of the 
enzyme, which inhibits its catalytic activity. Therefore 
lactate can inhibit 6-diphosphate kinase-1 activity which 
is counteracted by several physiological signals such as 
an increase in fructose-2,6-bisphosphate, the action of 
protein kinase A and the association of the enzyme with 
f-actin, which is mediated by many other signals[60-61]. 
Moreover, lactate inhibits 6-diphosphate kinase-1 by 
dissociating the enzyme active tetramers into less active 
dimers. Glycolysis is inhibited, and finally seizures are 
terminated because of the shortage of energy supply. 
  
Lactic acid terminates seizures by inhibiting 
N-methyl-D-aspartate receptor 
Studies show that lowering the pH to 6.7 by either means 
increases the interval between seizure-like events, and 
acidification slows the rate of seizure propagation in 
[Mg2+]-induced epileptiform bursting in hippocampal 
slices and entorhinal cortex preparation, which is 
presumably by activation of N-methyl-D-aspartate 
receptors, which show blockade of N-methyl-D-aspartate 
currents by protons. This may be an important 
component of the anticonvulsant action of extracellular 
acidosis[62]. Protons inhibit N-methyl-D-aspartate 
receptors by decreasing the opening frequency of 30–  
50 pS N-methyl-D-aspartate channels, and reducing the 
relative proportion of longer bursts. N-methyl-D-aspartate 
receptor antagonists attenuate the acid effect on 
epileptiform activity in brain slices[63]. Therefore, a 
decrease in pH can inhibit N-methyl-D-aspartate receptor 
activity, and seizure activity is terminated.  
 
Lactic acid terminates seizures by activating 
acid-sensitive 1A ion channel 
Acid-sensitive 1A ion channels (ASICs) are proton-gated 
members of the degenerin/epithelial Na+ channel 
family[64]. There are three ASICs, ASIC1a, -2a, and -2b, 
which are widely expressed in the central nervous 

system[65-67]. In neurons of the central nervous system, 
ASIC1a is sensitive to the pH of the extracellular 
environment and excitability change of nerve cell. 
Generally, ASIC1a is activated in response to pH values 
between 7.2 and 5.0, and extracellular acidosis activates 
acid-sensitive 1a ion channels to initiate neuron firing. 
The current generated following ASIC-induced acidosis 
inhibits the epileptic discharge[68]. The detailed 
mechanism involves ASICs triggering inhibitory neuron 
activity to terminate seizures. In addition, ASICs are also 
expressed in excitatory pyramidal neurons, which may 
contribute to reduced activity, possibly through blockade 
of depolarization. Moreover, ASICs are also expressed in 
many different brain regions and it is possible that 
activation of inhibitory neurons in other regions may also 
contribute to seizure termination through increasing the 
inhibitory neurotransmitter γ-aminobutyric acid[66-68].  
 
Lactic acid terminates seizures by strengthening 
γ-aminobutyric acid transaminase 
Glutamic acid and γ-aminobutyric acid which are the most 
important excitable and inhibitory neurotransmitters in the 
central nervous system are widely distributed in various 
brain areas[69-71]. H+ ions can effect γ-aminobutyric acid 
transaminase receptor function via three ways. First, the 
decrease in external pH may affect protonating weak 
acidic and basic groups contained within the receptor 
protein, which may modulate receptor function. Moreover, 
protonation and subsequent determination of pKa values 
may allow the broad identification of key amino acid 
residues that are involved in receptor function. Second, 
previous studies have demonstrated that changing 
external pH can differentially influence native 
γ-aminobutyric acid transaminase receptor function[72]. 
Third, glutamate in the brain can be decarboxylated to 
generate γ-aminobutyric acid, which is catalyzed by 
glutanic acid decarboxylase with pyridoxal phosphate as 
the coenzyme[73]. Meanwhile, γ-aminobutyric acid 
transaminase can catalyze the transamination between 
gamma-aminobutyric acid transaminase and alkone 
glutaric acid to generate glutamate. The change in pH 
values in the body can modulate the enzyme activity of 
glutanic acid decarboxylase and γ-aminobutyric acid 
transaminase. The optimal pH values of the two enzymes 
are different, 6.5 for glutanic acid decarboxylase and 8.2 
for γ-aminobutyric acid transaminase. Seizures and lactic 
acids reduce the extracellular pH from 7.35 to 6.8[74-77], 
which increases glutanic acid decarboxylase activity, 
resulting in the decreased activity of γ-aminobutyric acid 
transaminase, an increase in the inhibitory 
neurotransmitter γ-aminobutyric acid. These alterations 
inhibit seizures[78].  
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A recent study found that the ketogenic diet may also 
increase the ratio of nicotinamide adenine dinucleotide/ 
nicotinamide adenine dinucleotide and enhance 
glyceraldehyde-3-phosphate dehydrogenase enzyme 
activity. These changes subject γ-aminobutyric acid to 
endogenous phosphorylation and activate 
γ-aminobutyric acid α receptors, which play a role in the 
antiepileptic effect[69].  
 
Metabolite lactic acid terminates seizures by 
changing the intra- and extracellular environment 
As determined previously, in a low [Mg2+]-induced in vitro 
model of epilepsy, a pH of 6.7 terminated seizure-like 
burst firing. This decrease in epileptiform activity began 
within minutes of lowering the pH[64], and caused lactic 
acid production. This observation may be due to a 
decrease in N-methyl-D-aspartate receptor function and 
a loss of synaptic long-term potentiation. A decrease in 
pH to 7.1 produced milder synaptic impairment with 
continued loss of long-term potentiation[79]. Moreover, 

inhibition of carbonic anhydrase, which alters 
extracellular pH, had an anticonvulsant effect, and the 
carbonic anhydrase inhibitor acetozolamide had an 
anticonvulsant effect[80]. Studies that compared wild type 
mice with knockout mice deficient in carbonic anhydrase 
were severely acidotic and were resistant to seizures 
induced by flurothyl gas[81]. 
 
Intracellular acidification also contributes to the 
termination of seizure discharge. Spontaneous interictal 
spiking is induced by the application of bicuculline in the 
piriform cortex in in vitro whole brain preparations. This 
was associated with periodic abrupt alkanization of the 
extracellular space followed by return of baseline pH[82]. 
These studies provide evidence of intracellular 
acidification. The increase in neuronal excitability and the 
presence of discharges following each spike were 
induced by application of ammonium chloride in the 
perfusing medium, which prevents intracellular 
acidification. Researchers hypothesized that the 

Figure 3  The metabolite lactic acid terminates seizures by inhibiting 6 diphosphate kinase-1(PFK).  

PKA: protein kinase A. 

Figure 4  The metabolite lactic acid terminates seizures by inhibiting N-methyl-D-aspartate (NMDA) receptors.  

Figure 5  The metabolite lactic acid terminates seizures by activating acid-sensitive 1A ion channels.   

ASIC: activation of acid-sensitive 1A. 

Figure 6  The metabolite lactic acid terminates seizures by strengthening γ-aminobutyric acid.  

GAD: Glutanic acid decarboxylase; GABA: γ-aminobutyric acid. 
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intracellular acidification reduced excitability through 
reducing gap junction function. In addition, octanol, 
4-aminopyridine which is a gap junction blocker, 
abolished spontaneous interictal spiking[83]. Moreover, 
similar research from our lab using the gap junction 
blocker carbenoxolone revealed a decrease in 
epileptiform discharge and negated the dependence of 
burst firing[84].  
 
The possible mechanism may be that gap junction 
opening is dependent on pH[85] and that the drop in pH 
can lead to the closure of gap junctions, thus disrupting 
synchronization of the network of neurons and thereby 
inhibiting seizures. 
 
The altering of chloride homeostasis in the extracellular 
milieu may disrupt epileptic activity. There are studies 
that show that furosemide applied to an epileptic initiation 
site, either in vitro or in vivo, terminates seizure 
discharge but does not interfere with excitatory synaptic 
transmission[86]. The mechanism of furosemide appears 
to be mediated by changes in chloride concentration. 
Furosemide disrupted the synchronization of action 
potential firing between neurons without affecting 
synaptic activity through the changing of the extracellular 
environment[87].  
 
Lactic acid is known to lead to a drop in pH. And the 
decreasing pH can terminate seizures through changing 
the intra- and extracellular environments.  
 
Other mechanisms of lactic acid-induced termination 
of seizures 
Lactic acid brings about an increase in H+ ions in the 
extracellular environment and a reduction of pH, which 
leads to acidosis. Furthermore, the reduction in pH can 
also inhibit voltage-gated Na+ and Ca2+ channels[78], 
thereby suppressing seizures. Extracellular fluid acidosis 
raises the adenosine density, activating adenosine 
receptors and ATP receptors, and reduced the activity of 
cranial slices epileptiform[88]. Recent studies have found 
that 1,6-diphosphate plays an anticonvulsant role by 
increasing glutathione levels in astrocytes[89-90].  
 
 
DISCUSSION 
 
Seizures involve energy storage in the brain being 
exhausted when neurons discharge abnormally. During 
this process, glycolysis becomes an important source of 
energy supply. Enhancement of glycolysis can relieve the 
energy shortage caused by the energy damage to 

aerobic metabolism. The glycolytic metabolite lactic acid 
is involved in seizures and provides energy in the early 
period of the seizure. As seizures progress, lactic acid 
can decrease the pH of tissue through the following 
possible ways: (1) inhibiting the active mechanism of the 
key glycolytic enzyme 6-diphosphate kinase-1; as 
seizures progress, lactic acid increases, which leads to 
the decrease in pH. Following this, 6-diphosphate 
kinase-1 is phosphorylated by protein kinase A and 
6-diphosphate kinase-1 activity is inhibited and the 
seizures are terminated. (2) inhibiting the active 
mechanism of N-methyl-D-aspartate receptor; lactic acid 
increases which leads to a decrease in pH. 
N-methyl-D-aspartate receptor activity is inhibited, and 
seizures are terminated. (3) activating the acid-sensitive 
1A Ion channel; lactic acid increases, which leads to a 
decrease in pH. The acid-sensitive 1A ion channel is 
activated and the inhibitory neurons are activated. 
Seizures are terminated through increasing inhibitory 
neurotransmitter γ-aminobutyric acid. (4) strengthening 
the receptive mechanism of the inhibitory 
neurotransmitter γ-aminobutyric acid; lactic acid 
increases, which leads to a decrease in pH, and glutamic 
acid decarboxylase is activated and the inhibitory 
neurotransmitter γ-aminobutyric acid increases. Thus, 
seizures are terminated. (5) changing the intra- and 
extracellular environment. Lactic acid can lead to a drop 
in pH. Decreasing pH can terminate seizures through 
changing the intra- and extracellular environments. (6) 
other mechanisms such as directly suppressing the 
channel activity of voltage-gated Na+ and Ca2+, and 
activating adenosine receptors and ATP receptors. The 
understanding of specific roles of glycolysis during 
different types of seizures and periods will help 
investigation on epileptic pathogenesis, and also provide 
brand-new treatment strategies for antiepileptic 
therapies.  
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source disputations. 
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