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Abstract 

Background: Uncontrolled seizures in patients with gliomas have a significant impact on 

quality of life and morbidity, yet the mechanisms through which these tumors cause seizures 

remain unknown. Here, we hypothesize that the active metabolite D-2-hydroxyglutarate (D-

2-HG) produced by the IDH-mutant enzyme leads to metabolic disruptions in surrounding 

cortical neurons that consequently promote seizures.  

Methods: We use a complementary study of in vitro neuron-glial cultures and 

electrographically sorted human cortical tissue from patients with IDH-mutant gliomas to test 

this hypothesis. We utilize micro-electrode arrays for in vitro electrophysiological studies in 

combination with pharmacological manipulations and biochemical studies in order to better 

elucidate the impact of D-2-HG on cortical metabolism and neuronal spiking activity.   

Results: We demonstrate that D-2-HG leads to increased neuronal spiking activity and 

promotes a distinct metabolic profile in surrounding neurons, evidenced by distinct 

metabolomic shifts and increased LDHA expression, as well as upregulation of mTOR 

signaling.  The increases in neuronal activity are induced by mTOR activation and reversed 

with mTOR inhibition.  

Conclusion: Together, our data suggest that metabolic disruptions in the surrounding cortex 

due to D-2-HG may be a driving event for epileptogenesis in patients with IDH-mutant 

gliomas. 

 

Key Words: 

Tumor related epilepsy; IDH mutated gliomas; D-2-HG; mTOR; 
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Key Points: 

1) D-2-HG, metabolite produced by IDH mutated gliomas, promote neuronal spiking and 

distinct metabolic profiles in surrounding neurons.  

2) Activation of the mTOR pathway by D-2-HG is a potential mechanism of epileptogenesis 

in patients with IDH mutated gliomas.  
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Importance of the study 

Recent studies have identified robust and previously unrecognized interactions between 

gliomas and surrounding neurons which suggest that these brain tumors can actively alter the 

electrical profile of the surrounding cortex. Indeed, patients with IDH-mutant gliomas often 

suffer from uncontrolled seizures, and such seizures can have a profound impact on their 

overall quality of life and morbidity. Yet the precise mechanisms through which these tumors 

cause seizures still remain unknown. Here we provide evidence that IDH-mutated gliomas, 

through its metabolite D-2-HG, promote epileptogenesis in surrounding neurons by 

disrupting baseline metabolic functions and upregulating mTOR signaling.  
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Introduction 

Gliomas are a heterogeneous group of brain tumors that commonly present with seizures. 

Broadly speaking, gliomas can be divided into those containing mutations of the metabolic 

enzyme isocitrate dehydrogenase (IDH), which comprise 80% of lower grade gliomas and 

have a better prognosis than those without this mutation 
1,2

. Seizures, however, are far more 

common in patients with IDH-mutated gliomas with an incidence approaching 80%, and over 

half of these patients have seizures that are resistant to medical therapy 
3
. Uncontrolled 

seizures in these patients are consequently a major contributor to brain tumor morbidity and 

reduction in quality of life, and patients that suffer from a greater seizure burden experience 

more severe deterioration of cognitive function 
1,3

. 

  

Despite the strong association between IDH-mutated gliomas and seizures, the precise 

mechanisms through which epilepsy develops in these patients remain poorly understood and 

are likely multifactorial. Gliomas can infiltrate surrounding brain tissue, cause mass effect, or 

cause dysregulation of the excitatory-inhibitory balance in peritumoral cortex, all 

mechanisms that could lead to seizures. Within gliomas, however, IDH mutation status is an 

independent risk factor for epileptogenesis, even when controlling for the grade of the tumor 

and the proximity to eloquent cortex 
1,4

. The neomorphic enzymatic activity of the mutant 

IDH protein, converting alpha-ketoglutarate (α-KG) to D-2-hydroglutarate (D-2-HG), is a 

key feature in its pathogenesis 
1,5,6

 (Supplementary Fig. S1A). This has motivated the 

hypothesis that D-2-HG may be a primary oncometabolite responsible for the development of 

seizures in the surrounding brain. 

 

Whether and how D-2-HG may play a role in epileptogenesis in surrounding brain tissue, 

however, remains unclear. One possibility is that due to its structural similarity with the 
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excitatory neurotransmitter glutamate, D-2-HG increases overall excitability in surrounding 

neurons through interactions with the NMDA receptor 
1
. Recent evidence, however, suggests 

that D-2-HG may not alter glutamatergic neurotransmission nor bind NMDA receptors in a 

manner that mimics glutamate 
1,7,8

. Moreover, the elevated D-2-HG concentrations produced 

by IDH mutated gliomas, which can reach up to 30 mM 
5,9,10

, are significantly higher than 

concentrations of glutamate necessary for glutamate toxicity 
9,11

. Therefore, although little 

evidence exists regarding the affinity between D-2-HG and NMDA receptors, even if this 

were the case, such high concentrations could lead to neurotoxicity and cell death rather than 

epileptogenesis  
10,12

. The role of D-2-HG in epileptogenesis may instead relate to its effects 

on different intracellular signaling pathways within surrounding brain tissue. Substantial 

evidence suggests that D-2-HG can lead to significant changes in a cell’s metabolic profile, 

including causing defects in the TCA cycle and the development of hypermetabolic 

phenotypes 
13-15

. This raises the alternative possibility that the role of D-2-HG in the 

development of seizures in patients with IDH mutated gliomas may relate to the metabolic 

consequences of its uptake in surrounding neurons.  

 

Here, we use an in vitro model of IDH mutated glioma related seizures to test the hypothesis 

that D-2-HG results in elevated spiking activity in surrounding neurons by changing their 

metabolic profile. We find that the release of D-2-HG by IDH mutated gliomas leads to 

activation of the mTOR (mechanistic target of rapamycin) signaling pathway in surrounding 

cortical tissue. Consistent with significant previous evidence that mTOR activity is associated 

with epileptogenesis 
16

, we find that mTOR activation consequently leads to overall increases 

in neuronal activation. We compare the changes observed in our in vitro model to samples of 

human cortex resected from patients with IDH mutated tumors and drug resistant seizures 

and find similar evidence of metabolic reprogramming and activation of the mTOR pathway. 
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Together our data suggests that D-2-HG, released by IDH mutated gliomas, may directly 

promote seizures through its metabolic effects on surrounding neurons. 

 

Materials and Methods 

 

Neuronal activity of cell cultures on microelectrode array plates  

To examine the effects of IDH
R132H

 glioma cells and the oncometabolite 2-hydroxyglutarate 

on neuronal activity, we used an established mixed neuron glia rat cortical cell culture model 

on a microelectrode array (MEA) and an established CT-2A rodent glioma cell line on trans-

well inserts (see Supplementary Materials and Methods).
17

. We performed micro-electrode 

recordings using the Maestro Pro MEA system (Axion BioSystems, Atlanta, GA). Each well 

of the 96-well MEA plate contains 8 electrodes that record spontaneous activity of 

electrically active networked cells. We analyzed neuronal data using the Neural Metrics Tool 

(Axion BioSystems, Atlanta, GA) (Supplementary Fig. 11; Supplementary Materials and 

Methods).  

 

Clinical data and human tissue acquisition  

Five participants (2 female; 31.00 ± 7.969 years) with IDH-mutant gliomas and drug resistant 

seizures underwent a surgical procedure in which platinum recording contacts (PMT 

Corporation, Chanhassen, MN) were implanted on the cortical surface as well as within the 

brain parenchyma. In each case, the clinical team determined placement of contacts to 

localize epileptogenic regions around the tumor. A board-certified epileptologist identified 

electrodes overlying the seizure onset zone as well as electrodes overlying cortex not directly 

involved in the epileptic network but that still lay within the planned resection for removal of 

the tumor and/or epileptogenic zone.  We collected surgical specimens using standard 
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surgical technique (see Supplementary Materials and Methods). Based on the clinical 

assessment by our epileptologist, we labeled all resected tissue as epileptic cortex, non-

epileptic cortex, and tumor. We collected all specimens and data at the Clinical Center at the 

National Institutes of Health (NIH; Bethesda, MD). The Institutional Review Board (IRB) 

approved the research protocol (ClinicalTrials.gov identifier NCT02639325), and informed 

consent was obtained from the participants in the study 

 

Statistical Analysis 

We report all data as mean ± SEM unless otherwise specified. We used GraphPad Prism (San 

Diego, CA) for all statistical analyses. We designated the level of significance for all 

statistical tests as p < 0.05 or lower. Asterisks (*), (**), (***), and (****) indicates 

significance p<0.05, p<0.01, p<0.001, and p<0.0001, respectively.  

 

Results 

IDH mutated glioma cells increase neuronal bursting via the oncometabolite D-2-

hydroxyglutarate 

To investigate the role the peritumoral environment of IDH-mutated gliomas plays in 

epileptogenesis, we created an in vitro model using IDH
R132H

 and IDH
WT

 CT-2A murine 

glioma cells in trans-well inserts overlying primary rat mixed neuron-glial cultures while 

recording neuronal activity with microelectrode arrays (MEA; Fig. 1A; see Methods). In the 

presence of CT-2A IDH
R132H

 cells, neurons demonstrate overall increases in firing and the 

number of bursts of neuronal spiking per second compared to activity in the presence of WT 

cells (Fig. 1B,C; Supplementary Fig. S1B). Bursts were utilized as a surrogate marker for 

seizure liability as it correlates with known epileptogenic compounds and greater bursting 

activity is more likely to promote network activation 
18

. These increases are eliminated in the 
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presence of AG-120 (Ivosidenib), a small molecule inhibitor of the mutant IDH enzyme 
12

 

(Fig. 1D). 

 

We examined whether the increases in neuronal activity in the presence of IDH-mutant 

glioma cells are related to the product of IDH mutant metabolism, D-2-HG. CT-2A IDH
R132H

 

cells in the trans-well insert cause a significant increase in the levels of D-2-HG in the 

supernatant compared to IDH
WT

 cells (Fig. 1E; Supplementary Fig. 1C). This increase is 

reduced in the presence of AG-120 (Fig. 1E). Elevated levels of D-2-HG in the supernatant 

are associated with elevated levels of intracellular D-2-HG in neurons (Supplementary Fig. 

1D) 
19

. Direct treatment with D-2-HG to neuron-glial cultures in the absence of the IDH 

glioma cell trans-well inserts causes similar increases in firing rate and the rate of spiking 

bursts compared to control cultures (Fig. 1F,G; Supplementary Fig. S1E,F, Supplementary 

Fig. S2A-H).   

 

Increased D-2-HG is associated with metabolic reprogramming  

We were interested in understanding the cellular mechanisms through which D-2-HG may 

lead to increased neuronal spiking activity. We observed that the neuron-glial culture treated 

with D-2-HG demonstrate increases in LDHA expression, suggesting that D-2-HG may 

promote metabolic changes (Fig. 2A). Following D-2-HG treatment, both maximal glycolytic 

rate and maximal mitochondrial respiratory activity increase compared to control cultures 

(Fig. 2B,C). Using liquid chromatography-mass spectrometry (LC-MS), we observed distinct 

shifts in the neuron-glial metabolome with D-2-HG (Fig. 2D; Supplementary Fig. S3).   

 

In five patients with confirmed IDH-mutated gliomas, we had the opportunity to examine 

resected human peritumoral cortical tissue that was identified as epileptic or non-epileptic 
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through intracranial electrode monitoring (Fig. 3A; Supplementary Fig. S4A,B; see 

Methods). Similar to the mixed neuronal cultures, epileptic cortex exhibits significantly 

elevated total LDHA expression compared to non-epileptic cortex, which was not associated 

with tumor cell infiltration (Supplementary Fig. 4C-F). Using multiplex immunofluorescence 

staining on the resected tissue, we observed clear increased expression of LDHA that co-

localizes with the expression of NeuN as compared to nonepileptic cortex (Fig. 3B). LC-MS 

of epileptic and non-epileptic cortex in the presence of IDH mutated tumors exhibits a 

metabolomic shift that is similar to the changes we observed in the neuronal-glial cultures 

(Supplementary Fig. S5A-B, S6). These data suggest that the changes in LDHA expression 

observed in neuron-glial cultures treated with D-2-HG are recapitulated in the human brain 

tissue lying adjacent to IDH-mutated gliomas that exhibits seizures. 

 

D-2-HG induces metabolic reprogramming in an mTOR-dependent manner  

One possible link between elevated neuronal activity and metabolic reprogramming in the 

context of IDH-mutated gliomas may involve mTOR, which is both a major regulator of 

metabolism and which has also been implicated in epilepsy 
16

. To examine this possibility, 

we probed for the phosphorylation of Ribosomal Protein S6 (P-S6) (Ser 240/244), a surrogate 

for mTOR activation 
13

. The neuron-glial cultures treated with D-2-HG exhibit increased P-

S6:S6 (Fig. 4A,B).  These increases in P-S6 are eliminated when treating with the mTOR 

inhibitor rapamycin. Rapamycin also eliminates the increases in LDHA expression (Fig. 

4A,B). Flow cytometric analysis revealed an increase in P-S6 in D-2-HG treated cultures, 

both in neurons (MAP2 positive) and astrocytes (GFAP positive cells), suggesting D-2-HG 

causes global increases in P-S6 in the cortex (Fig. 4C,D). Moreover, increases in maximal 

mitochondrial respiration observed with D-2-HG treatment are also corrected with rapamycin 

(Fig. 4E). mTOR inhibition in D-2-HG treated cultures partially normalized the LC-MS 
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observed metabolic shift, suggesting metabolic reprogramming may in part be attributed to 

mTOR activity (Supplementary Fig. S7, S8). 

 

Complementing the changes in mTOR activity observed in the neuron-glial culture, we also 

examined human peritumoral tissue identified as epileptic and non-epileptic for evidence of 

mTOR activity. Using multiplex immunofluorescence, we found that epileptic human cortex 

adjacent to IDH-mutated gliomas also exhibits significantly higher levels of P-S6 expression 

compared to peritumoral non-epileptic cortex (Fig. 4F). These changes in P-S6 expression are 

co-localized to cortical neurons and are consistent across all participants.  

 

Recognizing that the increases in mTOR signaling and the changes in metabolism observed 

in the setting of D-2-HG may simply be a result of increased neuronal activity 
20

, we 

investigated the effects of D-2-HG on metabolism and mTOR signaling when neuronal 

activity is silenced using the Na+ channel inhibitor tetrodotoxin (TTX). Despite complete 

silencing of neuronal activity with TTX (Fig. 5A, Supplementary Fig. S9A), the presence of 

D-2-HG still increases maximal mitochondrial respiration compared to cells that were not 

exposed to D-2-HG (Fig. 5B). Similarly, the reduction in neuronal activity with TTX does 

not alter the overall shift in metabolites observed in the presence of D-2-HG that complement 

these changes in mitochondrial respiration (Supplementary Fig. S9B-E). Neuron-glial 

cultures treated with D-2-HG in the presence of TTX still exhibit significant upregulation of 

P-S6 and LDHA (Fig. 5C). These data therefore suggest that increased mTOR activity and 

the associated metabolic changes do not emerge in the presence of D-2-HG solely due to 

increased spiking.   

 

  

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noac003/6498134 by guest on 14 January 2022



Acc
ep

ted
 M

an
us

cri
pt

 14 

mTOR activation by D-2-HG leads to increased neuronal spiking  

As the metabolic changes observed following exposure to D-2-HG appear to emerge 

independently of the increases in spiking, we hypothesized that mTOR activation and the 

associated metabolic shift may in fact promote greater neuronal activity. In this scenario, 

IDH-mutated gliomas lead to elevated spiking activity primarily through the effects of D-2-

HG on the metabolic profile of the surrounding cells. To examine this, we first treated the 

neuron-glial culture with D-2-HG and rapamycin. The increases in bursting activity observed 

with D-2-HG compared to control cells are eliminated when the mTOR pathway is 

inactivated (Fig. 6A,B). 

 

We then examined whether activation of the mTOR pathway through a different metabolite 

also leads to increased neuronal spiking activity. We utilized succinate, which is similar to D-

2-HG as it increases methylation of H3K9 via inhibition of KDM4A (Supplementary Fig. 

S10) 
21

 and has been shown to activate mTOR signaling 
22

. Similar to the effects of D-2-HG, 

treatment with succinate alone increases P-S6 and LDHA expression in the mixed culture 

(Fig. 6C). In the presence of succinate alone, neurons exhibit a clear increase in bursting 

activity (Fig 6D,E). This increase is eliminated in the presence of rapamycin, suggesting the 

effect of succinate on neuronal spiking activity is mediated through the mTOR signaling 

pathway. 

 

Discussion  

Our data demonstrate that D-2-HG, a key metabolite produced by IDH mutated gliomas, may 

promote neuronal spiking by changing the metabolic profile of surrounding neurons and 

activating the mTOR signaling pathway both in culture and in human peritumoral epileptic 

cortex. The enhanced spiking activity of cortical neurons in our cell cultures are induced by 
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mTOR activation and reversed with rapamycin. Our data, therefore, suggest that activation of 

the mTOR pathway by D-2-HG may be a driving event that leads to increased neuronal 

spiking in patients with IDH mutated gliomas (Fig. 6F). 

 

Although IDH mutated gliomas portend a favorable prognosis, the IDH mutation has 

emerged as an independent risk factor for developing seizures 
1,4

. Uncontrolled seizures can 

directly impact quality of life by causing discomfort, fatigue, neurological deficits, or anxiety, 

and can have practical and psycho-social consequences 
1,3,23

. Given the complexity of 

managing patients with epilepsy in the context of brain tumors, an important question that 

therefore requires resolution is precisely how IDH-mutated gliomas give rise to seizures. 

 

Our data provide direct evidence that D-2-HG, a primary oncometabolite produced by IDH-

mutated gliomas, gives rise to increased spiking in surrounding neurons. Although it is 

unclear whether neuronal cultures alone can exhibit seizures, such in vitro models are 

commonly used as a proxy for epileptic activity
18

. Our analysis can only focus on 

electrophysiological characteristics of these neurons and their activation. Nonetheless, our 

results are consistent with previous studies demonstrating that D-2-HG can promote 

seizures
1
. However, our data diverge from recent proposals suggesting that D-2-HG, due to 

its structural similarity with the excitatory neurotransmitter glutamate, leads to neuronal 

excitation simply through interactions with NMDA receptors
1
. Indeed, several studies have 

reported that D-2-HG binding of NMDA receptors is not robust 
1,7,8

. Moreover, even if D-2-

HG does bind the NMDA receptor well, other studies have suggested that such activation of 

the NMDA receptor by D-2-HG is more likely to lead to neurotoxicity rather than 

excitability, particularly at the high concentrations of D-2-HG present in the peritumoral 

environment around IDH mutated gliomas 
10-12

.  Our results cannot exclude, however, the 
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role that NMDA may play in neuronal firing in the presence of D-2-HG. NMDA receptor 

activity, for example, is necessary for synchronization of action potential firing activity (ie 

burst activity)
24

.  Moreover, NMDA receptor activation and mTOR signaling may share a 

close relationship. Chronic NMDA inhibition may in fact upregulate mTOR signaling, while 

NMDA receptor activation through inhibition of amino acid transporters dampens mTOR 

signaling 
25

.  

 

Instead, our data suggest that D-2-HG can have broad effects on the metabolic profile of 

surrounding cells, which can consequently lead to seizures. The intracellular impact of D-2-

HG is well known. D-2-HG plays a major role in metabolic reprogramming associated with 

cancer, as it is a competitive inhibitor to a large family of metabolite dependent enzymes 

termed α-KG dependent dioxygenases 
6,14

. Inhibition of this family of enzymes results in 

global alterations of gene expression and protein interactions, which directly impacts cellular 

activities and the metabolic landscape of the cell 
21

. In addition, α-KG itself is an important 

regulator of cellular metabolic status, and if metabolic intermediates such as D-2-HG inhibit 

binding to its catalytic site, global metabolic changes are also likely to occur 
26

. IDH mutated 

and IDH wild-type tumor cells therefore have distinct metabolic profiles, largely due to the 

presence or absence of D-2-HG 
27

.  The metabolic changes observed in IDH-mutant gliomas 

are not limited to the tumor cells alone, but also emerge in surrounding cells up uptake of D-

2-HG 
15,19

. Thus, the effect of D-2-HG on the metabolic state of surrounding brain tissue may 

be involved in neuronal excitability.  

 

Previous studies have established the association between epilepsy, where hyperexcitable 

neurons are overwhelmingly synchronized through pathologic network behavior, and 

metabolic dysfunction, either as a result of periodic spikes of energy demand resulting in 
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metabolic adaptation 
28

 or through initial metabolic insults resulting in epileptic activity 
29

. 

Distinctly, epileptogenic tissue exhibits increased LDHA expression, a key marker of 

metabolic disruption, and LDHA may in turn feedback to play a role in regulating seizure 

activity 
30

. These metabolic alterations are accompanied by changes in mTOR signaling, an 

important regulator of cellular metabolism, in both our in vitro cell cultures and in human 

samples. The mTOR signaling pathway are known to play key roles in various forms of 

epilepsy, including Tuberous sclerosis complex (TSC), infantile spasms, status epilepticus, 

focal cortical dysplasia, and even injury associated epilepsy 
16

. The exact mechanism by 

which mTOR hyperactivation results in epileptogenesis or seizures, however, remains 

unknown, although it may involve disrupting the balance of excitatory and inhibitory 

synaptic transmission, modulation of ion channels, and neurotransmitter regulation 
31

. In 

addition, activation of mTOR signaling can induce intrinsic excitability in neurons without 

histological changes to brain structures 
32

. These studies collectively establish a strong link 

between metabolic dysregulation and epilepsy and suggest that mTOR activation alone can 

promote seizure susceptibility. 

 

We find that the introduction of D-2-HG to surrounding neurons indeed leads to metabolic 

disruptions and activation of the mTOR signaling pathway. Consistent with prior work, we 

similarly found that activation of mTOR consequently leads to neuronal excitability. 

Moreover, we determined that the mTOR inhibitor, rapamycin, reduces neuronal activation, 

complementing previous studies that demonstrated rapamycin can suppress seizures in both 

genetic mTOR activation models 
33

 as well as acquired seizure models 
34

. Our data therefore 

provide a direct link between the seizures observed in the context of IDH mutated gliomas 

and the previous literature on the role of mTOR activation in epileptogenesis. 
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There are several different pathways through which the introduction of D-2-HG may lead to 

changes in mTOR activation and cell metabolism. There is evidence, for example, that 

mTOR signaling and KDM regulation are tightly linked 
35

. Hence, D-2-HG dependent 

inhibition of KDM4A may result in destabilization of DEPTOR, a negative regulator of 

mTORC1/2 
13,15

, which may be sufficient to upregulate mTOR signaling and thus increase 

bursting activity 
36

. Notably, however, D-2-HG has also been shown to inhibit mTOR activity 

when mTOR is chronically activated through PTEN loss or other causes 
37

, but not 

demonstrated in cell lines with intact signaling upstream of mTOR. Alternatively, our 

metabolomics analyses reveals a substantial number of enriched metabolites observed in the 

context of D-2-HG, such as succinate and S-adenosylmethionine (SAM), that are not reversed 

with rapamycin. This suggests these metabolites that are upregulated in the setting of elevated 

D-2-HG may play a role in driving mTOR activation through an indirect nutrient-sensing 

pathway 
38

. Nevertheless, the precise mechanism by which D-2-HG or similar metabolites 

upregulates mTOR signaling requires further study for elucidation. 

 

Although the mechanisms through which epilepsy develops in patients with IDH mutated 

gliomas are likely multi-factorial, the metabolic changes we observe here may directly 

complement the known structural and synaptic changes observed in the context of primary 

brain tumors. In the setting of neuronal excitability, gliomas in particular are of great interest 

due to their propensity to communicate with neurons directly 
39,40

. Gliomas have long been 

known to preferentially interact with surrounding neurons 
41

, and such microanatomical 

clustering appears to play an active role in glioma progression via activity-regulated 

neurotransmitters and growth factors
42,43

 released into the glioma microenvironment. The 

close spatial relationship between neurons and glioma cells that these studies highlight 

suggests that the concentrations of D-2-HG required to promote mTOR activation in 
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surrounding neurons may be reduced. This close proximity may also facilitate direct 

communication between gliomas and surrounding neurons through direct glutamatergic 

synapses. Recent evidence has demonstrated that neuronal activity can promote glioma 

growth, and in turn gliomas may promote neuronal activity 
40,44,45

. Such interactions therefore 

likely also contribute to increased excitability in surrounding neurons, and molecular-specific 

entities within gliomas, such as IDH-mutant gliomas and PIK3CA variants, may promotes 

these interactions 
46

.   

 

In addition to D-2-HG, other non-synaptic secretions have been implicated in disrupting the 

excitatory and inhibitory balance in neurons.  Gliomas can promote the release of glutmate by 

the x(c)(-) cystine-glutamate transporter independent of synaptic secretion 
47

. In a model of 

glioblasoma tumor related epilepsy, there has been evidence of secretion of remodeling and 

degrading enzymes, which promote destruction of perineuronal nets, ultimately reducing the 

release of GABA 
48

. In an additional example of a molecular-specific tumor-related 

epileptogenesis, PIK3CA variants can promote brain hyperactivity during gliomagenesis due 

to increased expression of GPC3 which promotes neuronal excitability 
46

. 

 

Together, our results demonstrate that D-2-HG produced by the IDH mutation can lead to 

mTOR activation within the cortex, thereby suggesting an additional possible mechanism of 

epileptogenesis in patients with IDH mutated gliomas. Our results therefore raise the 

possibility that mTOR inhibition a pathway currently being explored for other forms of 

epilepsies 
49

, may also be a promising treatment of seizures in patients with these tumors, 

especially for those resistant to established anti-epileptic drugs. Exploring the efficacy of 

mTOR for seizures could complement current studies exploring the role of mTOR inhibition 

in targeting tumor growth 
50

.  Our results also suggest that it may be possible to consider the 
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inhibition of the IDH-mutant enzyme in order to reduce D-2-HG, which may reduce 

epileptogenicity.  More broadly, however, our results provide insight into the pathogenesis of 

seizures and how metabolic perturbations may critically regulate neuronal excitability. 
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Figure Legends: 

Figure 1:  IDH mutated tumors promote epileptogenesis via D-2-HG. 

A) Schematic demonstrating interactions through media of glioma cell line cultured on trans-

well and cortical rat neurons and astrocytes cultured on a MEA.  B) Thirty second raster plots 

(bottom) and spike histograms (top) of spiking activity in eight electrode channels in a single 

well. Right, IDH
R132H

 induces greater number of bursts (blue bars) compared to IDH
WT

.  C) 

Normalized burst frequency demonstrating increased bursting activity of neurons interacting 

with IDH
R132H

 compared to IDH
WT 

(n=10, t(18)=5.524, p<0.0001, paired t test). D) Increased 

bursting activity following interaction with IDH
R132H

 is corrected with inhibition of IDH 

mutation with AG-120 (n=3; WT vs AG-120 + WT, t(2)=1.631, p=0.2445, paired t test; WT 

vs R132H, t(2)=11.18, p=0.0079, paired t test; R132H vs AG-120 + R132H, t(2) = 9.564, p = 

0.0108, paired t test; WT vs AG-120 + R132H, t(2)=0.1542, p=0.8916, paired t test). E) D-2-

HG assay of the media demonstrating increased D-2-HG in the media in the presence of 

IDH
R132H

 cells, which is reduced with AG-120 (n=3; WT vs R132H, t(4)=21.10, p<0.0001, 

paired t test; WT vs AG-120 + R132H, t(4)=19.95, p<0.0001, paired t test; R132H vs AG-

120 + R132H, t(4)=5.637, p=0.0049, paired t test). F) Spike histogram and raster plot of 

control (left) and D-2-HG (right) treated cortical rat culture. G) Normalized burst frequency 

of cortical rat neurons treated with control (PBS) and D-2-HG (n=6, t(5)=12.01, p<0.0001, 

paired t test).  

Figure 2:  D-2-HG induces metabolic reprogramming in cortical tissue. 

A) Western blot probing for LDH-A expression in control and D-2-HG treated cortical rat 

neurons along with Densitometry analysis across three biological replicates (n=3, t(2)=4.534, 

p=0.0454, paired t test). B) Maximal glycolytic rate (max ECAR) is significantly higher in D-

2-HG treated neurons compared to control (F(10,231)=7.288, p<0.0001, Two-way ANOVA 
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with Sidak’s multiple-comparisons test). Averaged across time points exhibiting maximal 

glycolytic rate, ECAR is significantly higher in the D-2-HG treated neurons (n=3, t(2)=5.107, 

p=0.0363, paired t test).  C) Max oxidative consumption rate (OCR) is significantly higher in 

D-2-HG treated neurons compared to control (F(11,522)=8.430, p<0.0001, Two-way 

ANOVA with Sidak’s multiple-comparisons test). Averaged across time points exhibiting 

maximal respiration, max OCR is significantly higher in D-2-HG treated neurons compared 

to control (n=3, t(2)=2.927, p=0.0327, paired t test).  D) Schematic representation of the 

enzymatic reactions from glycolysis, PPP, and TCA cycle highlighting the changes at the 

metabolite levels between control and D-2-HG treated cortical rat cultures through over-

representation analysis.  Up arrows (red) and down arrows (green) denote increased or 

decreased, respectively, enrichment comparing D-2-HG relative to control treated cortical rat 

neurons.  

Figure 3: Epileptic human cortex demonstrates upregulation of LDHA compared to 

non-epileptic cortex. 

A) Diagram demonstrating epileptic cortex (blue electrode) and peritumoral nonepileptic 

cortex (grey electrode) in the setting of the IDH mutant glioma determined via intracranial 

EEG monitoring. The glioma stained positive for IDH (R132H) mutation. This patient had a 

WHO Grade III Astrocytoma IDH-mutant.  B) Multiplex immunofluorescence staining for 

DAPI (blue), NeuN (green), GFAP (purple), and LDH-A (yellow) of peritumoral 

nonepileptic cortex and epileptic cortex demonstrating increased LDH-A expression 

primarily in neurons. DAPI is a control nuclear DNA stain, GFAP stains astrocytes, NeuN 

stains neurons, and LDH-A, the metabolic enzyme of interest.  LDH-A co-staining with 

NeuN is significantly increased in the epileptic cortex compared to the peritumoral 

nonepileptic cortex (n=4, t(3)=3.799, p=0.0320, paired t test). 

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/advance-article/doi/10.1093/neuonc/noac003/6498134 by guest on 14 January 2022



Acc
ep

ted
 M

an
us

cri
pt

 27 

Figure 4:  D-2-HG induces mTOR hyperactivation in cortical tissue and mTOR 

inhibition corrects aspects of metabolic reprogramming.   

A) Western blot analysis demonstrates that D-2-HG upregulates P-S6:S6 (n=3, control vs D-

2-HG, t(2)=6.193, p=0.0251, paired t test). mTOR inhibition results in loss of P-S6 

expression (n=3, control vs D-2-HG + rapa., t(2)=17.58, p=0.0032, paired t test; D-2-HG vs 

D-2-HG + rapa., t(2)=19.55, p=0.0026, paired t test; control vs rapa., t(2)=17.58, p=0.0032, 

paired t test).  D-2-HG increases LDHA expression (n=3, control vs D-2-HG, t(2)=4.886, 

p=0.0394), which is corrected with rapamycin (n=3, control vs D-2-HG + Rapa., t(2)=0.2288, 

p=0.8403, D-2-HG vs D-2-HG + rapa., t(2)=4.467, p=0.0466). Rapamycin does not decrease 

LDHA protein expression relative to control (n=3, control vs Rapa., t(2)=0.2302, p=0.8393). 

B) Cumulative P-S6:S6 across nine biological replicates demonstrates D-2-HG increases 

mTOR signaling in the cortical culture (n=9, t(8)=8.207,  p<0.0001, paired t test). C) Flow 

cytometry example (left) demonstrating histogram of MAP2(+) cells and P-S6(+) and P-S6(-

). Mean fluorescence intensity in MAP2(+) P-S6(+) cells increases across cultures treated 

with D-2-HG compared to control (n=3; t(2)=4.541, p=0.0452, paired t-test). D) Flow 

cytometry example (left) demonstrating histogram of GFAP(+) cells and P-S6(+) and P-S6(-).  

Mean fluorescence intensity in GFAP(+) P-S6(+) cells increases across cultures treated with 

D-2-HG compared to control (n=3; t(2)=15.05, p=0.0044, paired t-test). E) Max OCR is 

higher in D-2-HG treated neurons, but is corrected to control levels with co-treatment of 

rapamycin.  Rapamycin treatment alone did not affect OCR compared to control (F(33, 

528)=10.53, p<0.0001, Two-ANOVA with Sidak’s multiple comparisons test). Averaged 

across time points exhibiting maximal respiration, max OCR is significantly higher in D-2-

HG treated neurons compared to control, but this is corrected with treatment with rapamycin 

(n=3; control vs D-2-HG, t(2)=7.240, p=0.0185, paired t test; D-2-HG vs D-2-HG + rapa., 

t(2)=4.687, p=0.0426, paired t test; control vs D-2-HG + rapa., t(2)=0.5274, p=0.6506, paired 
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t test; control vs rapa., t(2)=0.4957, p=0.6692, paired t test).  F) Multiplex 

immunofluorescence staining for DAPI (blue), NeuN (green), GFAP (purple), and P-S6 (red) 

of peritumoral nonepileptic cortex and epileptic cortex demonstrating increased LDH-A 

expression primarily in neurons. P-S6 co-staining with NeuN is significantly increased in the 

epileptic cortex compared to the peritumoral nonepileptic cortex (n=4, t(3)=5.756, p=0.0104, 

paired t test).  
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Figure 5:  D-2-HG induces mTOR upregulation and metabolic reprogramming 

independent of neuronal bursting. 

A) Tetrodotoxin (TTX) silences all neuronal firing compared to control (n=4, t(3)=5.792, 

p=0.0102, paired t test) even with co-treatment of D-2-HG (n=4; control vs D-2-HG + TTX, 

t(3)=5.312, p=0.0130, paired t test; D-2-HG vs D-2-HG +TTX, t(3)=16.06, p=0.0005, paired 

t test). D-2-HG without TTX increases normalized burst frequency compared to control (n=4, 

t(3)=4.164, p=0.0252, paired t test).  B) D-2-HG increases maximal respiration compared to 

control and in the setting of TTX (n=4, F(33, 356)=5.319, p<0.0001, ns=not significant, Two-

ANOVA with Sidak’s multiple comparisons test). C) Averaged across time points exhibiting 

maximal respiration, D-2-HG increases max OCR compared to control (n=3, , t(2)=5.719, 

p=0.0292, paired t test) even with neuronal silencing in the presence of TTX (n=3, 

t(2)=0.2604, p=0.8189, paired t test). TTX did not change maximal respiration compared to 

control (n=3, t(2)=0.5140, p=0.6584, paired t test). C) Western blot analysis demonstrates 

that D-2-HG continues to upregulate P-S6:S6 (n=3, control vs D-2-HG + TTX, t(2)=3.413, 

p=0.0454, paired t test) and LDHA:Vinculin (n=3, mean  SEM, control vs D-2-HG + TTX, 

t(2)=12.56, p=0.0063, paired t test) in the setting of TTX.  

Figure 6: Metabolites D-2-HG and succinate causes neuronal hyperexcitability in an 

mTOR-dependent manner. 

A) Spike histogram and raster plot of control (left), D-2-HG (middle), and D-2-HG and 

rapamycin (left) treated cortical rat neurons. B) Normalized burst frequency of cortical rat 

neurons treated with control (PBS), D-2-HG, D-2-HG and rapamycin, and rapamycin.  D-2-

HG treated neurons significantly increase normalized burst frequency compared to control 

(n=4, t(3)=6.942, p=0.0061, paired t test) and D-2-HG + Rapa. (n=4, t(3)=4.574, p=0.0196, 
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paired t test).  Additionally, D-2-HG and rapamycin treated neurons have similar normalized 

burst frequency compared to control (n=4, t(3)=0.3735, p=0.7336, paired t test).  Rapamycin 

alone does not significantly decrease normalized burst frequency compared to control (n=4, 

t(3)=1.249, p=0.3004, paired t test). C) Succinate significantly upregulates P-S6:S6 (n=3, 

control vs Succinate, t(2)=5.393, p=0.0327, paired t test), surrogate marker for mTOR 

signaling. This increase is inhibited with rapamycin (n=3; control vs Succinate + rapa., 

t(2)=6.109, p=0.0258, paired t test; Succinate vs Succinate + rapa., t(2)=6.094, p=0.0259; 

control vs rapa., t(2)=6.109, p=0.0258, paired t test).  Succinate also increases LDHA protein 

expression (n=3, control vs Succinate, t(2)=4.386, p=0.0482, paired t test), which is corrected 

with rapamycin to control levels (n=3,control vs Succinate + rapa., t(2)=0.8713, p=0.4754, 

paired t test; Succinate vs Succinate + rapa., t(2)=6.920, p=0.0202, paired t test; control vs 

rapa., t(2)=2.893, p=0.1016, paired t test). D) An example spike raster demonstrating that 

treatment with succinate results in increased bursting activity compared to control. E) Across 

cultures, succinate increases normalized burst frequency compared to control following 

seven-day treatment (n=4, t(3)=3.475, p=0.0402, paired t test). This increase is corrected to 

control levels with co-treatment of rapamycin (n=4; control vs Succinate + rapa., t(3)=2.633, 

p=0.0781, paired t test; Succinate vs Succinate + rapa., t(3)=4.755, p=0.0177, paired t test; 

control vs rapa., t(3)=0.01238, p=0.9909, paired t test).  F) Proposed mechanism: IDH 

mutated gliomas produce D-2-HG, which is released into the peritumoral environment. D-2-

HG upregulates mTOR signaling in surrounding neurons, leading to metabolic 

reprogramming and epileptogenesis.   
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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