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After stroke, epilepsy is the second leading brain impairment, affecting over 50 million people worldwide. Its persistent seizures 
often cause various sequelae such as momentary deviations in perception and behavior, mild convulsions, and temporary loss of 
consciousness, which are due to the spread of epileptogenesis to various brain regions. Among the multifactorial influences con-
tributing to the variation in the spread of seizure foci are particular domains affected, mechanisms of spatial distribution, and the 
nature of the disturbance eliciting seizure foci. Unlike the influence of homeostatic perturbations, these latter are likely to involve 
operational and global structures of cognition, that is, top down as opposed to bottom up influences that affect seizure distribution 
in complex ways. Current studies suggest that these mechanisms could entail the interaction of both ictal and extra-ictal electrical 
events with global oscillatory activity that mediates higher order cognitive events.

Introduction

Epilepsy is a widely occurring, common neurological disorder. After stroke, it is the second leading brain impairment, affecting over 50 
million people worldwide [1]. Its high incidence in geographical settings of lower economic status is indicative of environmental factors 
that feature prominently in its occurrence and that can exacerbate its prevalence in regions of relatively lesser medical care. 

The International Bureau for Epilepsy (IBE) defines epilepsy as a disorder of the brain characterized by an enduring predisposition to 
generate at least one epileptic seizure and by the neurobiological, cognitive, psychological and social consequences of this condition [2]. 
Persistent seizures may also cause various sequelae such as momentary changes in perception and behavior [3], mild convulsions [4], 
and temporary loss of consciousness [5,6], which are related to the origin of seizure foci and the intensity of ictal episodes. The etiologi-
cal basis for these sequelae is currently unknown. On the other hand, it is known that epileptogenesis affects brain areas well beyond the 
epileptogenic foci [7,8]. The domains affected, mechanisms of spatial distribution and nature of disturbance eliciting seizure foci are thus 
likely to be significant factors in generating the variability observed in epilepsy’s symptoms.

 The often profound changes in states of consciousness occurring during epileptic episodes, for example, are likely to involve major 
networks outside the region of seizure origin. Consistent with such observations, functional connectivity is impaired in large scale brain 
networks in focal as well as general epilepsies that extend bilaterally and via subcortical structures [9]. For recurring seizures, large-scale 
interactions are thus major pathogenic factors contributing to symptom severity [10,11].
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How extra focal interictal and ictal activities emerge in the epileptic brain is still unknown. However, since many of the causes of 
eliptogenesis, e.g., trauma and stroke, are likely to affect homeostatic mechanisms, it has been suggested that the etiological factors are 
chiefly related to impaired preservative or homeostatic processes [12]. Fasting, for instance, has long been associated with anticonvulsant 
activity, and the discovery in the 1920’s that its anticonvulsant effects was due to ketosis led to treatments with strictly modified diets that 
replicated these effects. The so-called ketogenic diet, with its low carbohydrate, high fat ratios and moderate-to-low protein levels, was 
shown to reproduce the major metabolic effect of fasting, while minimizing convulsions in both children and adults [13]. Consistent with 
these observations of dietary influence, conditions that can precipitate epilepsy such as traumatic brain injury, and diseases in which epi-
lepsy can be comorbid, such as Alzheimer’s disease, have since been shown to be accompanied by a chronic loss of homeostatic function. 
Moreover, the loss of energy homeostasis associated with epilepsy is found acutely during the seizure or precipitating event, as well as 
chronic processes of epileptogenesis. Accordingly, since such mechanisms are likely to exert global influence, a principal factor contribut-
ing to the spread of epileptic foci is that of underlying homeostatic impairments in energy maintenance. 

On the other hand, the variability of epileptogenesis in its manifestation and the distribution of seizure foci, suggest that homeostatic 
mechanisms are not the sole factors contributing to etiology and that non-uniform factors may also be substantially involved in the glo-
balization of epileptogenesis. Unlike the influence of homeostatic perturbations, these likely relate to operational and global influences 
of cognition, that is, top down as opposed to bottom up influences that affect seizure distribution in complex ways. Recent studies, for 
instance, suggest that the former mechanisms may involve global brain states that couple to ictal and extra-ictal events. How these relate 
to impaired homeostatic influences and how they may assist the spread of epileptogenesis outside initial seizure zones are discussed in 
this short review. 

Impaired energy homeostasis and the globalization of epileptic activity
Adenosine and ATP

It is increasingly evident that epilepsy entails a global dysregulation of metabolic function [14]. During seizures the rate of glucose and 
oxygen consumption increases [15], requiring more energy than generated from oxidative phosphorylation via the TCA cycle, with the 
replacement of glycolysis as the main supply of neuronal ATP. The activity of enzymes involved in the TCA cycle, such as aconitase, malate 
dehydrogenases, and succinate dehydrogenases, notably decrease in epileptic seizures, whereas metabolites produced by the enzymes 
involved in anaerobic glycolytic metabolism, such as phosphofructokinase and glucose kinase, increase. The latter increase in activity has 
the effect of elevating lactic acid production, where it is used by neurons as an alternative energy supply [16] via its conversion to pyruvate 
and entry into glycolysis. The reduction of oxygen that follows on neuronal activity during epileptic events also induces the expression 
of hypoxia-inducible factors (HIF). These factors amplify the inhibition of the mitochondrial TCA cycle and the resultant activation of 
glycolysis. Such energy resources are generally insufficient to sustain the hypopolarization needed to prevent spontaneous axonal firing 
due to reduced sodium-potassium-ATPase activity. Na+/K+-ATPase malfunctioning, for instance, is known to be associated with neuronal 
hyperexcitability, is a key mechanism for post-seizure extracellular K+ clearance and has been reported in neonatal seizures [17]. It is also 
decreased both in the rat cortex and hippocampus in the first few minutes after transient focal ischemia [18] and in experimental trau-
matic brain injury [19]. Hence, the reduction but not the elimination of Na/K ATP activity is thought to lead to repeated seizure episodes. 
Significantly, ketobodies cannot be converted into glucose, unlike glycogen and lactate and so cannot fuel the anaerobic pathway, thereby 
preventing the increased neuronal firing caused by a partial restoration of hyperpolarization.

The role of energy metabolites in seizure events is, nonetheless, not simply due to a reduction in ATP availability. With epileptic 
seizures there is a rapid drop in ATP levels, resulting in the generation of adenosine levels that can exceed the baseline level more than 
40 times [20]. The intracellular concentration of ATP, for example, is nearly 50 times higher than that of AMP and about 10,000 times 
higher than that of adenosine [21]. Minor decreases in intracellular ATP, therefore, lead to a large rise of intracellular adenosine level [22]. 
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Accordingly, adenosine acts as a key bioenergetic network regulator for energy homeostasis of a cell. Adenosine’s universal metabolic role 
suggests in fact that an early evolutionary principle was to conserve energy through a rise in adenosine due to ATP depletion and to use 
the increase in adenosine as a negative feedback regulator to attenuate cellular activities that consume energy. In line with this, the rise in 
adenosine has been shown to act as a negative feedback regulator to attenuate cellular activities that consume ATP, including processes 
related directly to neural function.

Adenosine, for instance, can have powerful receptor-mediated effects on synaptic transmission in the brain [23]. Presynaptic adenos-
ine-1 receptors (A1R) inhibit synaptic release of most neurotransmitters, particularly those used for excitatory transmission. Thus, if ad-
enosine levels are raised sufficiently, synaptic transmission can be blocked altogether. Further, A1Rs hyperpolarize postsynaptic receptor 
membranes by opening inwardly rectifying K+ channels. Together, the A1R effects strongly dampen synaptic transmission, suppressing 
brain activity [24]. 

Adenosine also participates in adenosine receptor-independent regulatory functions, which involve mitochondrial bioenergetics, pre-
vention of ATP consuming biochemical reactions, and epigenetic functions. For example, adenosine interacts directly with ATP generating 
processes. Intracellular adenosine is dephosphorylated from AMP by cytosolic 5-nucleotidase and is converted back to AMP via adenosine 
kinase (ADK). The adenosine-AMP cycle is thereby linked to ADP and ATP through adenylate kinase within the cell, coupling it tightly 
to energy metabolism. However, after ATP is dephosphorylated, adenosine is also retrieved from the extracellular into the intracellular 
space by nucleoside transporters [25]. Adenosine-AMP cycles and bidirectional adenosine uptake and release via nucleoside transporters 
help to maintain adenosine homeostasis. Therefore, changes in extracellular adenosine due to adenosine and/or ATP release also alter 
adenosine receptor signaling [26], yielding a complex series of intracellular and extracellular processes that lead to the stimulation of 
mitochondrial bioenergetics and energy metabolism [27]. 

Significantly, astrogliosis, which is a pathological hallmark of epilepsy, has been consistently associated with overexpression of ADK 
and its resulting adenosine deficiency [28]. Consistent with this observation, a fall of 25% in adenosine levels has been observed in epilep-
togenic zones with microdialysis measurements [20]. Furthermore, increased ADK expression results in the spontaneous occurrence of 
seizures, whereas the transgenic reduction of ADK in cortex and hippocampus of mice confers resistance to seizures and epileptogenesis. 
Together, impaired adenosine metabolism, in conjunction with a reduction in aerobic energy metabolites, appear to constitute key factors 
underwriting epileptogenesis in the brain.

Metabolic impairment as a mechanism for distributing epileptogenesis

An important aspect of the generation of epileptic seizures is the recruitment of substantial regions of cortical tissue into pathological 
activity. Based on a general model of spreading metabolic impairment, which is suggested from the adenosine related effects, recruitment 
can be expected to consecutively engage nearest neighbor circuits. On this basis Wang., et al. [29] notably posited a model of arrays of 
interacting minicolumns distributed across a cortical tissue sheet, which sequentially evoke epileptogenic activity. Using this model local-
ized occurrences of hyperactivity were observed within the simulated sheet, an observation consistent with micro periodic epileptiform 
discharges that are seen during interictal intervals [29]. Locations where high activity occurred recruited neighboring and, subsequently, 
distant sites to the abnormal activity, eventually resulting in the participation of the whole sheet in abnormal activity; that is, as a globally 
excited state. The time required for the recruitment of the whole sheet depended on the number of hyperexcitable clusters, with ear-
lier recruitment occurring when more clusters were present. Moreover, cluster size was also shown to influence recruitment time, with 
smaller clusters resulting in longer intervals to global excitation. Together, the model’s predictions were consistent with some notable 
observations of epileptogenic events. 
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 Synchronization patterns are inconsistent with nearest neighbor recruitment 

Among the mechanisms likely to account for the extended activation seen in these results are those involving spike timing dependent 
plasticity, where neighboring units experience localized and synchronous depolarizations coinciding with the depolarization of ictal foci 
[30]; that is, in regions where epileptogenesis occurs, units neighboring the seizure foci become depolarized in synchrony with the depo-
larization of the units located within the seizure zone. According to this hypothesis, epileptogenic activity would be expected to generate 
focal synchronous activity, which would progressively advance to larger and larger cortical areas. Indeed, it has been presumed that ictal 
episodes lead to recruitment through processes of synchronization [31]. 

Synchronization of excitation, in fact, has been shown to occur during late phases of seizure discharge. However, seizure initiation and 
interictal epileptiform events are not consistently associated with an enhancement of synchronous, excitatory network interactions. One 
of the most common neurophysiological patterns observed in focal seizures is characterized by low-voltage fast activity at seizure onset, 
followed by irregular spiking that progressively develops into periodic bursting, interspersed with post-burst depressions. This pattern 
is nearly always observed in human temporal lobe epilepsy [32,33], in focal epilepsy of neocortical origin [34], and in acute models of fo-
cal seizures [35]. Also occurring is low amplitude, fast activity, which frequently fragments with the substitution of background rhythms.

Interictal events of various amplitude, morphology and duration, which are characterized by spikes, sharp waves, and short spike 
bursts, with rhythmic activity in theta/delta frequency range, can also be recorded between seizures with intracranial electrodes posi-
tioned within the epileptic zone in the cortex and around the zone. Neural correlates of interictal and ictal patterns in human epileptic 
brains, in fact, showed that synchronization and enhanced excitation were not likely to occur in specific phases of ictogenesis and syn-
chronous neuronal bursting was not observed during interictal spikes and seizures [36]. Rather, intracranial human recordings per-
formed during the early phase of a seizure showed that neurons in the epileptic zone and the surrounding areas reduce their firing activity 
and synchronization as measured by a spiking heterogeneity index [37].

Microelectrode recordings, moreover, also showed increased firing synchrony only after several seconds of seizure onset, suggesting 
that action potential synchronization within the epileptogenic network is not required to initiate a seizure [29,37]. Indeed, non-linear 
correlation analysis between activities intracranially recorded during human focal seizures demonstrated a desynchronization of the epi-
leptogenic region during and just ahead of seizure onset [38]. As a group, these studies show that synchronization builds up and becomes 
prominent in the late phase of seizures close to seizure termination and so is unlikely to be a mechanism by which adjoining cortical 
regions are enlisted for epileptic activity; that is, transitions into seizure due to a localized, synchronous enhancement is relatively rare. 

Globalization of epileptogenesis 

 Accordingly, the several different classes of results - the variability of patterns, temporal and spatial non-uniformity, and lack of syn-
chronous recruitment in zones neighboring foci - are caveats to explanations that invoke metabolic impairments alone and so implicate 
additional functional mechanisms that underlie seizure appearance. Indeed, it is not only likely that multiple factors contribute to the 
non-uniform globalization of epileptogenesis, but that these factors include interactions with structured cognitive activity. Global brain 
state phenomena, for instance, entail various networks that underlie higher order cognition that could both be influenced by epileptogen-
esis and, in turn, influence its appearance elsewhere in the brain. Two such states are considered here, consciousness, and default mode 
network activity associated with task positive and task negative states. Both have been shown to be impaired in epilepsy.

Relating alterations in consciousness to globalization of epileptogenesis

In the most frequent type of chronic drug resistant partial epilepsies, the temporal lobe epilepsies (TLE), alterations of consciousness 
(AOC) are a particularly dramatic clinical manifestation, as well as a potential source of injury. In fact, video-EEG recordings have revealed 
that some 60% - 80% of patients suffering from TLE have AOC during their seizures [39]. In line with this, the international classification 
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of epileptic seizures has made impaired consciousness a framework within which the main categories of partial seizures, simple and com-
plex, are distinguished. The association between epilepsy and consciousness, a higher order and generally posited global, cognitive state, 
suggests that specific processes associated with consciousness are factors that may contribute to the manner by which epileptogenesis 
spreads to various brain regions. 

Seizures in TLE are characterized by epileptic discharges originating from one or several regions of the temporal lobe (often from the 
mesial temporal regions) and propagating through an interconnected network within both cortical and subcortical structures. Different 
hypotheses have been proposed to explain how those seizures could impair consciousness [40]. In one case, intracerebral EEG recordings 
have suggested that alteration of consciousness could be related to the spread of epileptic discharge to cortical structures contralateral to 
the origin of the seizures and be more frequent in seizures affecting the dominant hemisphere [41]. In another, bilateral involvement of 
the temporal lobe is a factor that has been suggested to explain memory and so consciousness loss although it has also been shown that 
AOC may occur during apparently unilateral TLE seizures [42]. 

Mechanistic features that might contribute to spreading have been shown to involve a specific increase of neural synchrony, with re-
gions distant from the sites of origin of the seizures [43]. In a study of patients having intracerebral recordings of cortical and subcortical 
structures two groups were distinguished on the basis of the severity of their loss of consciousness, with one group displaying complete 
loss of consciousness and the other only partial loss. Measurements of synchrony within the temporal zone alone were not markedly dif-
ferent between the two groups during seizure occurrence. However, synchronization differed significantly when measurements were also 
made of regions outside the temporal lobe and included the thalamus and parietal cortex. In the group having complete loss of conscious-
ness there was a specific increase in synchronization between the distant regions and the temporal lobe during epileptogenesis, whereas 
enhanced synchronization was not seen in individuals with a partial loss of consciousness. These results thus suggest that extra-temporal 
structures are associated with increased synchrony during AOC. 

Measurements of synchrony, moreover, were found to be correlated with the degree of thalamo-cortical and corticocortical synchrony, 
with the transition between consciousness and loss of consciousness obeying a sigmoid curve, indicative of a bi-stable system. A leading 
model of consciousness, the global workspace model (GW), notably postulates the integration of cortical and subcortical modules, with 
the ‘broadcasting’ or sharing of information between modules comprising the physical aspects of the consciousness state [44] Such in-
formation sharing is thought to occur via synchronization and is described by the communication by coherence theory [45]. Accordingly, 
abnormal synchronization between subcortical and cortical modules composing the GW, could constitute a core mechanism of AOC in 
TLE, a process that could be mediated by epileptogenesis and underly its spreading within the brain.

Alterations in default mode network and epileptogenesis

The default mode network (DMN) is a major resting state brain network that is intimately involved in task related activities, enabling 
the brain to shift between task negative and task positive roles. DMN activity is anticorrelated with task positive states, which are medi-
ated by the executive fronto-parietal network and which engage the basal ganglia (BG) through the putamen. Significantly, the DMN has 
been shown to be altered in various neurological impairments, including epilepsy [46]. The BG form a very complex group of nuclei and 
pathways and may act as an integrated system due to the unidirectional character of the major connections and the information being 
transformed and transmitted from the cortex via the BG and back into the cortex. It is known to exercise distant control over widespread 
cortical areas that may influence cortical epileptic activities. Several experimental and clinical studies, for instance, show that the puta-
men and other BG nuclei are likely to be involved in the modulation of epileptic seizures. 

Based on these observations, functional connectivity between putamen and cortical zones has been assessed during ictal episodes 
[47]. The results from these studies show the presence of significant differences within nuclei of the DMN in patients suffering epilepsy, 
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even during rest; that is, when the DMN is in a task negative state. Specifically, the left superior, frontal gyrus, left postcentral gyrus, and 
the right superior temporal gyrus, i.e. the connectivity within the DMN, was decreased in patients with epilepsy as compared with normal 
controls. Conversely, in epileptic patients as compared with controls, the DMN component was significantly increased in the left lingual 
gyrus, left and right putamen, right insula/inferior frontal gyrus, and left inferior frontal gyrus; i.e. the connectivity between the DMN 
and basal ganglia regions was no longer anticorrelated as in controls. In controls, the putamen displayed significant negative connectiv-
ity values within the DMN component while in extra temporal and temporal epilepsy these values were non-significant and even slightly 
positive. Thus, the putamen appears to operate relatively independently from the DMN during epilepsy; that is, it is not significantly en-
gaged within the DMN in epileptic patients. Although these studies do not show the emergence of ictal episodes in the DMN per se, taken 
together they show that epileptogenesis mediates significant functional alterations at long distance from seizure sites that appears to 
involve a specific global network. 

Brain oscillations and cross coupling

Mechanisms by which global networks may contribute to the spread of epileptogenesis at long distances from seizure foci are for the 
most part unknown. However, the prominence of electrical events during ictal episodes makes it very likely that these strongly interact 
with other electrical activity that enables normal brain function. Such interactions could enable the spread of epileptogenesis beyond 
initial focal zones.

Among the fundamental electrical signatures unifying brain activity are brain oscillations, which synchronize regional activities with 
global cognition [30]. Oscillations are thought to enhance neuronal spike probability by defining, through repetitive cycles periods of 
higher excitability, where neurons are sensitive and more responsive to incoming trains, and periods of reduced sensitivity, where spike 
occurrence is less [45]. By adjusting spike timing, particularly, it is thus possible to enhance intrinsic tendencies toward synchrony where 
oscillators can properly align and their frequencies then resonate in unison, or, conversely, to weaken their association leading to decoher-
ence. 

Consistent with this expectation, recent studies have found that electrical activity specific to ictal events interacts with global oscilla-
tory activity, leading to the appearance of epileptic activity signatures in loci widely separated from seizure origin. These studies exploited 
an electrical biomarker that characterizes experimentally induced epilepsy, fast ripples. Fast ripples (FR) are high frequency waveforms 
that are associated with experimental epileptogenesis, which is induced by kainite injection [48]. Following injection the frequency of 
occurrence of these waveforms notably increases some 40 fold. Investigation into the waveforms revealed that they did not occur in a 
“random” background, but were associated with a specific ongoing activity, involving slow oscillations [49]. Specifically, fast ripples were 
shown to associate with two oscillatory bandwidths, a slow oscillation (3 - 5 Hz) surrounding the FRs and one associated with interictal 
epileptic episodes located at 20 - 30 Hz. Phase-amplitude coupling during these transient epileptic events occurred at 4.5 Hz frequency 
for phase and 27 Hz frequency for amplitude, the occurrence of which was 2.1 times higher than during baseline. 

An examination of the frontal cortex and left and right hippocampi showed specific increases in power at 3 - 5 Hz in all three regions 
suggesting an increase in synchronization across regions. Furthermore, the increase in synchronization converged toward a common 
value, revealing that the distribution of phase differences tended to converge and was significantly more concentrated during the period 
of interest than during baseline at these specific frequencies, coinciding with the slow oscillation between regions. Significantly, synchro-
nization with the frontal cortex was delayed with respect to the two hippocampi, and causal influences by Grainger analysis were shown 
to occur from the hippocampi to the frontal cortex. Altogether, these data reveal that cross-frequency coupling between the slow oscilla-
tion and FR constrains epileptogenesis, beginning in the bihippocampal network and then spreading across the network before frontal 
cortex expression. 
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Conclusion
Spatial and temporal epileptogenic variability is a common feature of epilepsy that likely relates to the variety of its pathogenic mani-

festations. Its etiological basis is unknown, but is unlikely to be due solely to impairments in energy homeostasis. Existing studies suggest 
that major symptoms like the loss or alteration of consciousness and the inhibition of widespread functional connectivity are likely to 
involve a distribution of epileptogenic activity via global brain networks. These disruptions may be due to a modulation of oscillatory 
activity that transmits epileptogenesis to spatially distant loci.

Bibliography

1. De Boer HM., et al. “The global burden and stigma of epilepsy”. Epilepsy and Behavior 12.4 (2008): 540-546.

2. Fisher RS., et al. “Epileptic seizures and epilepsy: definitions proposed by the International League Against Epilepsy (ILAE) and the 
International Bureau for Epilepsy (IBE)”. Epilepsia 46.4 (2005): 470-472. 

3. Austin J., et al. “Behavior problems in children at time of first recognized seizure and changes over the following 3years”. Epilepsy and 
Behavior 21.4 (2011): 373-381. 

4. Vingerhoets G. “Cognitive effects of seizures”. Seizure 15.4 (2006): 221-226. 

5. Blumenfeld H. “Impaired consciousness in epilepsy”. The Lancet Neurology 11.9 (2012): 814-826.

6. Curia G., et al. “Pathophysiogenesis of mesial temporal lobe epilepsy: is prevention of damage antiepileptogenic?” Current Medicinal 
Chemistry 21.6 (2014): 663-688. 

7. Terry JR., et al. “Seizure generation: the role of nodes and networks: networks and seizure generation”. Epilepsia 53 (2012): e166-
e169. 

8. Englot DJ., et al. “Regional and global connectivity disturbances in focal epilepsy, related neurocognitive sequelae, and potential mech-
anistic underpinnings”. Epilepsia 57 (2016): 1546-1557. 

9. Rektor I., et al. “Association between the basal ganglia and large-scale brain networks in epilepsy”. Brain Topography 26 (2013): 355-
362.

10. Smith EH and Schevon CA. “Toward a mechanistic understanding of epileptic networks”. Current Neurology and Neuroscience Reports 
16 (2016): 97. 

11. Spencer DD., et al. “The roles of surgery and technology in understanding focal epilepsy and its comorbidities”. Lancet Neurology 17 
(2018): 373-382.

12. Boison D., et al. “Homeostatic control of brain function - new approaches to understand epileptogenesis”. Frontiers Cell Neuroscience 
7.109 (2013): 1-8.

13. McQuarrie I and Keith HM. “Epilepsy in children: relationship of variations in the defree of ketonuria to occurrence of convulsions in 
epileptic children on ketogenic diets”. The American Journal of Diseases of Children 34 (1927): 1013-1029. 

14. DiMauro S., et al. “Mitochondrial disorders”. Journal Child Neurology 17.3 (2002): 3S35-3S45. 

15. Bazzigaluppi P., et al. “Hungry neurons: metabolic insights on seizure dynamics”. International Journal of Molecular Science 18.2269 
(2017): 1-14.

https://www.sciencedirect.com/science/article/abs/pii/S1525505007004878
https://www.ncbi.nlm.nih.gov/pubmed/15816939
https://www.ncbi.nlm.nih.gov/pubmed/15816939
https://www.ncbi.nlm.nih.gov/pubmed/21727031
https://www.ncbi.nlm.nih.gov/pubmed/21727031
https://www.ncbi.nlm.nih.gov/pubmed/16546410
https://www.ncbi.nlm.nih.gov/pubmed/22898735
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4101766/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4101766/
https://www.ncbi.nlm.nih.gov/pubmed/22709380
https://www.ncbi.nlm.nih.gov/pubmed/22709380
https://www.ncbi.nlm.nih.gov/pubmed/27554793
https://www.ncbi.nlm.nih.gov/pubmed/27554793
https://www.ncbi.nlm.nih.gov/pubmed/23400553
https://www.ncbi.nlm.nih.gov/pubmed/23400553
https://europepmc.org/article/med/27662895
https://europepmc.org/article/med/27662895
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(18)30031-0/fulltext
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(18)30031-0/fulltext
https://www.ncbi.nlm.nih.gov/pubmed/23882181
https://www.ncbi.nlm.nih.gov/pubmed/23882181
https://jamanetwork.com/journals/jamapediatrics/article-abstract/1174664
https://jamanetwork.com/journals/jamapediatrics/article-abstract/1174664
https://www.ncbi.nlm.nih.gov/pubmed/12427891
https://www.ncbi.nlm.nih.gov/pubmed/29143800
https://www.ncbi.nlm.nih.gov/pubmed/29143800


08

Citation: Denis Larrivee. “Brain Network and Homeostatic Influences in Epileptogenic Spreading”. EC Nutrition 15.3 (2020): 01-09.

Brain Network and Homeostatic Influences in Epileptogenic Spreading

16. Malkov A., et al. “Seizure-induced reduction in glucose utilization promotes brain hypometabolism during epileptogenesis”. Neurobiol-
ogy of Disease 116 (2018): 28-38.

17. Renkawek, K., et al. “Neonatal status convulsivus, spongiform encephalopathy, and low activity of Na+/K+-ATPase in the brain”. Epi-
lepsia 33 (1992): 58-64. 

18. De Souza W., et al. “Preconditioning prevents the inhibition of Na+/K+-ATPase activity after brain ischemia”. Neurochemistry Research 
25 (2000): 971-975. 

19. Silva LF., et al. “The involvement of Na+/K+-ATPase activity and free radical generation in the susceptibility to pentylenetetrazol-
induced seizures after experimental traumatic brain injury”. Journal of Neurological Science 308 (2011): 35-40. 

20. During MJ and Spencer DD. “Adenosine: a potential mediator of seizure arrest and postictal refractoriness”. Annals Neurology 32 
(1992): 618-624.

21. Pazzagli M., et al., “Regulation of extracellular adenosine levels in the striatum of aging rats”. Brain Research 684 (1995): 103-106. 

22. Shepel PN., et al. “Purine level regulation during energy depletion associated with graded excitatory stimulation in brain”. Neurology 
Research 27 (2005): 139-148. 

23. Fredholm BB., et al. “Actions of adenosine at its recep- tors in the CNS: insights from knockouts and drugs”. Annual Review of Pharma-
cological Toxicology 45 (2005): 385-412. 

24. Boison D et al. “Homeostatic control of brain function - new approaches to understand epileptogenesis”. Frontiers of Cellular Neurosci-
ence 7.109 (2013): 1-12. 

25. Latini S and Pedata F. “Adenosine in the central nervous system: release mechanisms and extracellular concentrations”. Journal of 
Neurochemistry 79 (2001): 463-484. 

26. Brundege JM and Dunwiddie TV. “Modulation of excitatory synaptic transmission by adenosine released from single hippocampal 
pyramidal neurons”. Journal of Neuroscience 16 (1996): 5603-5612. 

27. Newby AC. “Adenosine and the concept of ‘retaliatory metabolites’”. Trends in Biochemical Science 9 (1984): 42-44. 

28. Li T., et al. “Adenosine kinase is a target for the prediction and prevention of epileptogenesis in mice”. Journal of Clinical Investigation 
118 (2008): 571-582. 

29. Schevon CA., et al.  Journal of Clinical Neurophysiology 25 (2008): 321. 

30. Wang XJ. “Neurophysiological and computational principles of cortical rhythms in cognition”. Physiological Review 90 (2010): 1195-
1268.

31. Hameed Z., et al. “Characterisation of ictal and interictal states of epilepsy: A system dynamic approach of principal dynamic modes 
analysis”. PLoS ONE 13.1 (2018): e0191392. 

32. Fisher RS., et al. High-frequency EEG activity at the start of seizures”. Journal of Clinical Neurophysiology 9 (1992): 441.

33. Allen PJ., et al. “Very high-frequency rhythmic activity during SEEG suppression in frontal lobe epilepsy”. Electroencephalography Clini-
cal Neurophysiology 82 (1992): 155.

https://www.ncbi.nlm.nih.gov/pubmed/29705187
https://www.ncbi.nlm.nih.gov/pubmed/29705187
https://www.ncbi.nlm.nih.gov/pubmed/1310285
https://www.ncbi.nlm.nih.gov/pubmed/1310285
https://www.ncbi.nlm.nih.gov/pubmed/10959493
https://www.ncbi.nlm.nih.gov/pubmed/10959493
https://www.ncbi.nlm.nih.gov/pubmed/21737104
https://www.ncbi.nlm.nih.gov/pubmed/21737104
https://onlinelibrary.wiley.com/doi/abs/10.1002/ana.410320504
https://onlinelibrary.wiley.com/doi/abs/10.1002/ana.410320504
https://www.ncbi.nlm.nih.gov/pubmed/7583197
https://www.ncbi.nlm.nih.gov/pubmed/15829176
https://www.ncbi.nlm.nih.gov/pubmed/15829176
https://www.ncbi.nlm.nih.gov/pubmed/15822182
https://www.ncbi.nlm.nih.gov/pubmed/15822182
https://www.ncbi.nlm.nih.gov/pubmed/23882181
https://www.ncbi.nlm.nih.gov/pubmed/23882181
https://www.ncbi.nlm.nih.gov/pubmed/11701750
https://www.ncbi.nlm.nih.gov/pubmed/11701750
https://www.ncbi.nlm.nih.gov/pubmed/8795616https:/www.ncbi.nlm.nih.gov/pubmed/8795616
https://www.ncbi.nlm.nih.gov/pubmed/8795616https:/www.ncbi.nlm.nih.gov/pubmed/8795616
https://www.cell.com/trends/biochemical-sciences/fulltext/0968-0004(84)90176-2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2157568/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2157568/
https://www.ncbi.nlm.nih.gov/pubmed/20664082
https://www.ncbi.nlm.nih.gov/pubmed/20664082
https://www.ncbi.nlm.nih.gov/pubmed/29351559
https://www.ncbi.nlm.nih.gov/pubmed/29351559
https://jhu.pure.elsevier.com/en/publications/high-frequency-eeg-activity-at-the-start-of-seizures-3
https://www.sciencedirect.com/science/article/abs/pii/001346949290160J
https://www.sciencedirect.com/science/article/abs/pii/001346949290160J


09

Citation: Denis Larrivee. “Brain Network and Homeostatic Influences in Epileptogenic Spreading”. EC Nutrition 15.3 (2020): 01-09.

Brain Network and Homeostatic Influences in Epileptogenic Spreading

34. Salanova V., et al. Brain 115 (1992): 1655. 

35. Lopantsev V and Avoli M. Journal of neurophysiology 79 (1998): 352. 

36. Colder BW., et al. “Interspike intervals during interictal periods in human   temporal lobe epilepsy”. Epilepsia 37 (1996): 113. 

37. Bower MR., et al. “Microseizures and the spatiotemporal scales of human partial epilepsy”. Epilepsia 53 (2012): 807.  

38. Schindler K., et al. Brain 130 (2007) :65. 

39. Bartolomeia F and Naccache L. “The global workspace (GW) theory of consciousness and epilepsy”. Behavioural Neurology 24 (2011): 
67-74.

40. Englot DJ and Blumenfeld H. “Consciousness and epilepsy: why are complex-partial seizures complex?” Progress in Brain Research 177 
(2009): 147-170.

41. Lux S., et al. “The localizing value of ictal consciousness and its constituent functions: a video-EEG study in patients with focal epi-
lepsy”. Brain 125 (2002): 2691-2698.

42. Gloor P., et al. “Loss of consciousness in temporal lobe seizures: observation obtained with stereotaxic depth electrodes recordings 
and stimulations”. In: Advances in Epileptology, XIth Epilepsy International Symposium, R. Canger, F. Angeleri and J. Penry (eds.) New 
York: Raven Press (1980): 349-353.

43. Guye M., et al. “The role of corticothalamic coupling in human temporal lobe epilepsy”. Brain 129 (2006): 1917-1928. 

44. Dehaene S and Changeux J.P. “A neuronal model of a global workspace in effortful cognitive tasks”. Proceedings of the National Academy 
of Sciences 95.24 (2001): 14529-14534.

45. Lowet E., et al. “A quantitative theory of gamma synchronization in macaque V1”. eLIFE (2017): 10.7554.

46. Raichle ME and Snyder AZ.  “A default mode of brain function: a brief history of an evolving idea”. NeuroImage 37 (2007): 1083-1090.

47. Rektor I., et al. “Association between the basal ganglia and large-scale brain networks in epilepsy”. Brain Topography 26 (2013): 355-
362. 

48. Sheybani L, et al. “Electrophysiological evidence for the development of a self-sustained large-scale epileptic network in the kainate 
mouse-model of temporal lobe epilepsy”. Journal of Neuroscience 38 (2018): 3776-3791.

49. Sheybani L., et al. “Large-scale 3-5 hz oscillation constrains the expression of neocortical fast ripples in a mouse model of mesial tem-
poral lobe epilepsy”. eNeuro 6.1 (2019): e0494-e0418.

Volume 15 Issue 3 March 2020
©All rights reserved by Denis Larrivee.

https://www.ncbi.nlm.nih.gov/pubmed/8782868
https://www.ncbi.nlm.nih.gov/pubmed/20685804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5377983/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5377983/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2901990/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2901990/
https://www.ncbi.nlm.nih.gov/pubmed/12429596
https://www.ncbi.nlm.nih.gov/pubmed/12429596
https://academic.oup.com/brain/article/129/7/1917/306740
https://psycnet.apa.org/record/2001-06808-011
https://psycnet.apa.org/record/2001-06808-011
https://elifesciences.org/articles/26642
https://www.ncbi.nlm.nih.gov/pubmed/17719799
https://www.ncbi.nlm.nih.gov/pubmed/23400553
https://www.ncbi.nlm.nih.gov/pubmed/23400553
https://www.ncbi.nlm.nih.gov/pubmed/29555850
https://www.ncbi.nlm.nih.gov/pubmed/29555850
https://www.ncbi.nlm.nih.gov/pubmed/30783615
https://www.ncbi.nlm.nih.gov/pubmed/30783615

	_GoBack

