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Abstract

Approximately one third of all epilepsy patients are resistant to current therapeutic treatments. 

Some patients with focal forms of epilepsy benefit from invasive surgical approaches that can lead 

to large surgical resections of human epileptic neocortex. We have developed a systems biology 

approach to take full advantage of these resections and the brain tissues they generate as a means 

to understand underlying mechanisms of neocortical epilepsy and to identify novel biomarkers and 

therapeutic targets. In this review, we will describe our unique approach that has led to the 

development of a ‘NeuroRepository’ of electrically-mapped epileptic tissues and associated data. 

This ‘Big Data’ approach links quantitative measures of ictal and interictal activities 

corresponding to a specific intracranial electrode to clinical, imaging, histological, genomic, 

proteomic, and metabolomic measures. This highly characterized data and tissue bank has given us 

an extraordinary opportunity to explore the underlying electrical, cellular, and molecular 

mechanisms of the human epileptic brain. We describe specific examples of how an experimental 

design that compares multiple cortical regions with different electrical activities has led to 

discoveries of layer-specific pathways and how these can be ‘reverse translated’ from animal 

models back to humans in the form of new biomarkers and therapeutic targets.

Introduction

Epilepsy is a chronic neurological disorder characterized by recurrent seizures and 

abnormal, synchronized neuronal activity(England, Liverman, Schultz, & Strawbridge, 

2012). Epilepsy is one of the most common neurological diseases, with around 70 million 

people of all ages, genders, and races currently diagnosed worldwide(England et al., 2012; 

Moshe, Perucca, Ryvlin, & Tomson, 2015; Singh & Trevick, 2016). The first line of 

treatment for epilepsy is anti-epileptic drugs (AED). There are currently over 30 FDA 

approved AEDs, with specific uses for both generalized and focal seizure treatment. 

Unfortunately, despite the numerous options available, approximately one third of all 

patients develop drug-resistant or refractory epilepsy(Brodie, Barry, Bamagous, Norrie, & 
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Kwan, 2012; Loscher & Schmidt, 2011). This may be due to the fact that current drug 

treatments target seizure symptoms and do not directly affect or prevent the underlying 

cause contributing to epileptogenesis or to the epileptic state(Brodie et al., 2012; Crepeau & 

Sirven, 2017; Loscher & Schmidt, 2011). This highlights a need to better understand the 

electrical, cellular, and molecular pathways in human epilepsy so that we can develop 

medication and effectively target and treat these patients.

While a majority of mechanistic studies have been carried out in animal models, patients 

who undergo highly invasive surgical procedures to map and remove epileptic brain regions 

offer an unparalleled approach to understand the human epileptic condition in humans 

(Loeb, 2010; Loeb, 2011). Another important approach to discover epileptic mechanisms in 

humans comes from the identification of genetic mutations in familial forms of epilepsy 

(Chen, Giri, Xia, Subedi, & Li, 2017; Rhys H Thomas & Samuel F Berkovic, 2014; 

Steinlein, 2004; Steinlein, 2008), however, the vast majority of patients with epilepsy are 

sporadic with unknown genetic or molecular causes. Even those with genetic abnormalities, 

many patients with focal forms of epilepsy have associated developmental or acquired brain 

abnormalities that themselves may not directly produce epileptic activities, but likely trigger 

epileptic activities in surrounding brain regions (Cavalleri et al., 2005).

For the past 20 years, our group has been collecting tissues and performing multimodal 

analyses on human epileptic neocortex tissues to build highly integrated dataset that links 

clinical, electrical, imaging, histological, and molecular data from patients who underwent 

two-stage epilepsy surgery. This unbiased approach has helped us uncover common 

molecular and cellular differences in epileptic brain networks. As all of the results are from 

human tissues, the biomarkers and drug targets that emerge have a high probability of 

translating back into clinical practice. Here, we will summarize our NeuroRepository and 

‘Big Data’ mining approaches and review some of the findings that we hope will help 

patients with intractable epilepsy.

Precise co-registration of quantitative epileptic activities with brain imaging

Patients who have drug resistant epilepsy can benefit from surgery that removes the areas of 

the brain that is epileptic or demonstrates high epileptic activity(Spencer & Huh, 2008). 

Effective surgeries often require the direct placement of depth electrodes or subdural grid 

electrodes to monitor and localize abnormal brain activity over several days. Intracranial 

recordings reveal and localize epileptic brain regions in ways that cannot be achieved with 

scalp EEG recordings due to the low sensitivity and poor spatial resolution of scalp EEG 

(Tao, Ray, Hawes-Ebersole, & Ebersole, 2005). Two of the most common electrical 

abnormalities seen are interictal spiking and seizures. While the relationship between ictal 

and interictal activity is still unclear(Gotman, 1991; Staley, K. J., White, & Dudek, 2011; 

Staley, Kevin, Hellier, & Dudek, 2005), removing both ictal and high-spiking interictal 

tissue significantly improves the surgical outcome for patients in a number of studies 

(Bautista, Cobbs, Spencer, & Spencer, 1999; Kanazawa, Blume, & Girvin, 1996). 

Additionally, animal studies have shown that interictal activity often proceed seizures after a 

brain insult and should be considered a predicator of seizure activity (White et al., 2010). In 

young children, the epileptic focus predominantly occurs in neocortical brain regions, while 
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in older children and adults the epileptic focus in many cases also involves the hippocampus 

(Annegers, 1993).

Interestingly, intracranial recordings from patients with known structural lesions have shown 

that many epileptogenic brain regions are often nearby, and not always overlying the 

structural abnormality (Lee, Spencer, & Spencer, 2000; Palmini, Andermann, Olivier, 

Tampieri, & Robitaille, 1991; Palmini et al., 2004; Seo, J.H., et al., 2009). Lesions or 

abnormalities commonly associated with neocortical epilepsy include cortical dysplasias, 

stokes, trauma, tumors, and previous infections (Chu-Shore, Major, Camposano, 

Muzykewicz, & Thiele, 2010; Liu, S., Yu, & LÃ, 2016; Shain et al., 2013; Verloes, Elmaleh, 

Gonzales, Laquerriere, & Gressens, 2007).

Intracranial recordings are done as part of a 1-stage surgery, where the surgery and 

recordings are done during the same operation. However, seizures during the time of surgery 

are rarely seen with this approach in part because it is mostly done under general anesthesia, 

that suppresses seizures, and because the recording time is very brief. The gold standard for 

identification of seizure onset zone requires a 2-stage surgery where the first stage involves 

implantation of intracranial depth and/or surface grids of electrodes. Following electrode 

implantation, the patient leaves the operating room for 3-7 days of recordings to localize 

seizures, interictal spikes, as well as normal functioning brain regions that need to be 

preserved. A second surgery is then planned either immediately after the recording or at a 

later date to remove the epileptic brain regions, while maximizing the retention of normal 

brain structures.

Figure 1 displays our protocol that enables us to collect and subdivide cortical tissues at 

precise brain regions corresponding to specific electrical activities and imaging 

characteristics. The first step is 3-dimensional co-registration of MRI brain imaging with the 

precise electrode locations from a CAT scan. This enables the generation of 3D images that 

detail the patient’s epileptic activities. Next, the sheer volume of data produced and the 

variability between different EEG readers prompted us and others to develop automated 

spike and seizure detection algorithms to quantify abnormal electrical properties at each 

electrode location(Barkmeier, D.T., Shah, A.K., Flanagan, D., Atkinson, M.D., Agarwal, R., 

Fuerst D.R., Jafari-Khouzani, K., Loeb, J.A., 2011; Maharathi et al., 2019; Yadav, Shah, 

Loeb, Swamy, & Agarwal, 2012) . Quantitative measures can then be visualized on the co-

registered brain surface as shown in Figure 1 where green indicates low spiking activity and 

red indicates high spiking activity. This approach can be used for both non-lesional as well 

as lesional cases, including those with various epileptic activities in patients with brain 

tumors (Mittal, Shah, Barkmeier, & Loeb, 2013).

Resected tissues mapped to ictal and interictal brain activities can be subdivided for high-
throughput ‘omic’ analyses

Immediately after tissue is removed, as part of the planned surgical procedure, photographs 

of the brain surface, with and without the grid electrodes, are used to identify their exact 

spatial locations. Only tissues that are not needed for diagnosis and treatment are used for 

research. As a quality control measure, using the digital photographs, the unique surface 

arterial pattern from each piece of resected tissue is used to confirm its location. The precise 
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co-registration of resected tissues from specific electrode recording locations is critical for 

accurate downstream histological, cellular and molecular studies in order to be certain that 

they are linked to abnormal or to normal electrical activities. It is also important that 

following their removal, tissues reserved for ‘omic’ studies are immediately frozen on dry 

ice to prevent molecular degradation.

Figure 1 demonstrates the histological and molecular workflow that follows once the human 

epileptic neocortical tissues are removed and their locations are confirmed. As a first step, 1 

cm3 blocks of tissue containing fairly equal amounts of grey and white matter are prepared 

at each electrode location and photographed. Each block is then subdivided into two facing 

pieces. One half is immediately fixed in 4% paraformaldehyde for 2 days for histological 

staining and the other half is rapidly frozen on dry ice and stored at −80°C for molecular 

analyses (genomic, proteomic, and metabolomic). For these molecular studies, alternating 

strips of full-thickness (layer I-VI) cortex are pooled from each frozen block for RNA and 

protein studies so that results are not biased by specific neuronal layers or white matter 

contamination. By dividing the tissue in this manner, tissue histology can be directly linked 

to molecular studies as well as to the electrical, imaging, and clinical data from the same 

patient. The tissue histology also allows for additional validation studies that can localize 

potential cell and layer-specific expression patterns in the same tissue block.

Following surgery and tissue collection, the tissue samples and their corresponding clinical 

and molecular data are stored and managed in the NeuroRepository. The NeuroRepository is 

more than a tissue repository because of the extensive ‘metadata’ not only for each patient 

that is further coregistered for each sampled brain region. Data is stored in a web-based, 

database that integrates all of the different types of data ranging from clinical data, imaging 

(MRI, CT, PET), EEG quantitative metrics, tissue inventory, and molecular results from each 

piece of tissue studied including histology and molecular data (genomics, proteomics, 

metabolomics).

Finding a needle in the haystack: Internally controlled, unbiased transcriptomic studies 
reveal constitutive activation of specific pathways in epileptic brain regions

A potential pitfall for any high throughput study on human epileptic tissue is that changes 

may or may not be directly related to the epileptic state of the tissue. When looking at 

thousands of genes, many gene expression changes can be due to differences not explicitly 

controlled for in the study. For example, the comparison of gene expression between fresh 

versus postmortem ‘control’ tissues are likely to show differential gene expression due to 

many other variabilities in addition to electrical differences including the rate of RNA 

degradation, genetic differences between the epileptic patient and the control, and the effects 

of medications the patient was taking. Equally important, even if freshly isolated, ‘control’ 

tissue from a patient with a brain tumor or head trauma may also have frequent epileptic 

potentials that are not being measured unless this is excluded by intracranial recordings. To 

avoid these pitfalls, our approach only compares epileptic brain regions with nearby cortical 

regions from the same patient with little to no epileptic activity, thus eliminating many 

potentially confounding variables. This approach has allowed us to identify highly 

significant, common ‘epileptic’ genes and pathways in relatively small numbers of patients 
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with high statistical significance (Beaumont, Yao, Shah, Kapatos, & Loeb, 2012; Dachet et 

al., 2015; Lipovich et al., 2012; Rakhade et al., 2005; Rakhade et al., 2007). We further 

reduce variability by doing all of our microarray studies in quadruplicates with a flip-dye 

experimental design.

For example, using 5 paired patient cortical samples, we identified 137 differentially 

expressed genes at regions of seizure onset compared to nearby regions without seizure 

onset(Beaumont, Yao, Shah, Kapatos, & Loeb, 2012) (Figure 2). We next focused on 

interictal spiking and performed an expanded pairwise study of 15 patients that 

demonstrated 1700 differentially expressed genes at regions of high interictal spiking 

activity, many of which overlapped with genes in the seizure onset data set. Once highly 

significant populations of differentially expressed genes are linked to a specific variable, 

such as seizure onset, follow-up ontological analysis of these genes can be used to predict 

that the highest ranked pathways. Using this statistical approach, we found that one of the 

highest ranked pathway was the Mitogen Activated Protein Kinase Pathway (MAPK). We 

further discovered that within our 137 seizure onset genes, approximately 40% of these are 

known to be induced by a specific transcription factor called CREB (cyclic AMP response 

element binding protein) (Beaumont et al., 2012).

Transcriptomic studies by other research groups have also observed MAPK upregulation in 

human epileptic tissues (Salman et al., 2017). The MAPK-CREB pathway is a ubiquitous 

pathway that is known for cell cycle progression and growth (Burotto, Chiou, Lee, & Kohn, 

2014; Roux et al., 2007; Shaul & Seger, 2007; Thomas & Huganir, 2004) . In neurons, the 

MAPK-CREB pathway is activated by increased neuronal activity and is necessary for long-

term potentiation and dendritic spine stabilization (Atkins, Selcher, Petraitis, Trzaskos, & 

Sweatt, 1998; English & Sweatt, 1996; English & Sweatt, 1997; Thomas & Huganir, 2004). 

The MAPK-CREB pathway can signal to the nucleus to increase the expression of known 

synaptic genes such as ARC, BDNF, and EGR1 (Herdegen & Leah, 1998; Kandel, 2001; 

Matynia, Kushner, & Silva, 2002; Montminy, Gonzalez, & Yamamoto, 1990; West, Griffith, 

& Greenberg, 2002). These MAPK-CREB target genes have also been shown to contribute 

to neuronal activity and synapse stability in epilepsy (Duclot & Kabbaj, 2017; Janz et al., 

2018; Liu, X. et al., 2016; Parrish, R.R., Albertson, A.J., Buckingham, S.C., Hablitz, J.J., 

Mascia, K.L., Haselden D.W., Lubin, F.D., 2013) .

The fact that these genes were detected in almost all patients, most of whom had not had a 

seizure for at least 24 hours prior to tissue resection, suggests that their constitutive 

induction may more closely relate to interictal rather than ictal activity. In fact, when going 

back to the physiology on a larger number of patients, the MAPK-CREB genes are more 

closely correlated with interictal rather than ictal activity. Since these genes are well-known 

in pathways of LTP and synaptic plasticity, it seem likely that their sustained activation 

many be mediated by ongoing interictal spiking and in fact some of these correlate quite 

nicely with interictal spiking frequency(Rakhade et al., 2007)
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Differentially expressed long non-coding RNAs from human epileptic brain define a new 
class of potential epileptic therapeutics

Not all genes are expressed in the brain encode for proteins. In fact, about half of the human 

genome produces RNA molecules that do not encode for proteins and are called long non-

coding RNAs (lncRNAs) that are highly expressed in the brain(Clark et al., 2015; Harrow et 

al., 2012). Unlike micro-RNAs that are quite short, lncRNAs are transcripts larger than 200 

base pairs (Dinger, Pang, Mercer, & Mattick, 2008; Guttman et al., 2009). LncRNAs are 

expressed at higher levels in the brain than in any other tissues (Harrow et al., 2012) and 

have been suggested to contribute to the complexity of the nervous system and neurological 

diseases such as Alzheimer’s. Parkinson’s, and Epilepsy(Quan, Zheng, & Qing, 2017). 

LncRNAs have been shown to carry out a variety of regulatory functions including 

transcriptional regulation, chromosomal imprinting, and gene silencing (Rinn & Chang, 

2012; Wang, K. C. & Chang, 2011; Wu, Z. et al., 2014). Importantly, as lncRNAs are more 

rapidly evolving, they are species specific so in order to truly understand the potential role of 

lncRNA in human epilepsy, human tissue must be used(Guttman et al., 2009; Ponjavic & 

Ponting, 2007).

In parallel studies to our work on coding genes, we examined lncRNA differential 

expression in high- versus low-spiking human neocortical epileptic tissues. We utilized a 

custom lncRNA microarray that also included many known protein-coding differentially 

expressed genes from 8 patients (Lipovich et al., 2012). We found 1200 differentially 

expressed lncRNAs in the human epileptic brain. Interestingly, one of these differentially 

expressed lncRNA was BDNFOS. BDNFOS is an lncRNA located anti-sense to BDNF, a 

previously defined pro-epileptogenic MAPK signaling gene (Beaumont et al., 2012). 

Follow-up in vitro studies using the human SH-SY5Y cell line demonstrated that the loss of 

BDNFOS results in an increase in BDNF(Lipovich et al., 2012), suggesting that the lncRNA 

is an important regulator of BDNF in epileptic human brain regions. Taken together, these 

findings demonstrate that not only are lncRNAs differentially expressed in epilepsy, but they 

have the potential to regulate the same population of MAPK signaling genes and could offer 

an alternative therapeutic approach for human epilepsy.

Localization of the MAPK-CREB pathway to superficial neuronal layers as a “Tissue 
biomarker” of interictal spiking

Key to any high-throughput discovery-based study is an experimental plan for validating 

predictions made. Because we collect tissues and subdivide them for histology, genomics, 

proteomics, and metabolomics, we can rapidly validate predicted pathways directly on the 

same human tissue block where differential gene expression was previously identified. 

Specifically, Western blots of protein fractions from the same blocks of tissue that 

demonstrated sustain MAPK-CREB gene expression, showed sustained activation 

(phosphorylation) of both MAPK and CREB only in the high spiking tissues. As a means to 

localize where in the 6-layered cortex MAPK and CREB are activated, we next probed the 

fixed piece of tissue from the same block with these same antibodies. Surprisingly, as shown 

on the bottom of figure 2, both MAPK and CREB were activated selectively in the most 

superficial layers of the neocortex layers 1–3 (Beaumont et al., 2012). As layer 2/3 neurons 

project to the molecular layer 1, they are known to significantly contribute to lateral 
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connectivity of the neocortex and therefore could play an important role in generating the 

hypersynchrony critical for generating epileptic discharges (Marin Padilla, 2001; Petersen & 

Crochet, 2013). Consistently we found that these same layers had a significant downstream 

induction of plasticity genes and a 3-fold increase in presynaptic nerve terminals compared 

to non-epileptic brain regions. Taken together, the laminar distribution of activated MAPK-

CREB signaling may contribute to the epileptic state by promoting lateral connectivity and 

excitation that contributes to the synchronized neuronal activity necessary to produce 

epileptic discharges (Figure 2). Therefore, in addition to being a tissue biomarker, the 

MAPK-CREB pathway could also be a potential therapeutic target.

Predicting novel cellular and histological changes in human epileptic brain through 
genomic and proteomic clustering

Understanding the underlying cellular networks that enable the neocortex to generate 

epileptic potentials has been a major challenge. Studies of human neocortical resections of 

epileptogenic zones have been less than revealing, sometimes showing no clear pathology or 

subtle observations of mild gliosis or dysplasias (Lee et al., 2000; Palmini et al., 2004; Seo, 

J.H., et al, 2009). We used an unbiased approach to predict abnormal histopathology by 

identifying gene clusters coordinately, differentially-expressed between high and low spiking 

brain areas using a combination of genomic (Dachet et al., 2015) and proteomic (Keren-

Aviram et al., 2018) studies. From 30 paired cortical samples from 15 epileptic patients, we 

identified 11 gene clusters, where each cluster contains a group of genes that share an 

identical pattern of expression across the 30 samples. Each of the 11 individual clusters were 

assigned a putative cell-type using an automated script that performs repetitive, online 

PubMed searches using all pairs of genes and known brain cell types to see how many ‘hits’ 

occur with each combination. Based on this approach, four neuronal subtypes, three glial 

cell subtypes, three cell types associated with blood/blood products, and one “dividing” cell 

type were identified to be changed in the human epileptic neocortical tissue compared to the 

control regions (Figure 3A). Interestingly, the cell clustering results demonstrated an inverse 

expression pattern between an upregulated microglia cell type (Microglia 1) and a 

downregulated neuron (Neuron 1). Neuron 1 correlated with the gene RBFOX3 or NeuN, 

the most commonly used immunohistochemical marker for neurons (Dent, Segura-Anaya, 

Alva-Medina, & Aranda-Anzaldo, 2010) and one of the genes in this cluster was RORB, a 

layer 4 specific gene.

These computational studies suggest that high spiking brain regions will have reduced NeuN 

staining in layer 4 of the cortex. Follow-up histological studies confirmed these predictions 

in high spiking tissue. Moreover, the remarkable inverse relationship between Microglia 1 

and Neuron 1 could be demonstrated histologically by an increase in microglial numbers and 

size in the exact same brain regions where NeuN staining was reduced. We now call these 

focal cortical regions with reduced NeuN staining ‘microlesions.’ Microlesions were found 

in all patients we examined, including those with a variety of other associated lesions. 

Interestingly, microlesions that involved mostly deeper layers of the cortex were spatially 

opposed to superficial layer MAPK and CREB activation (Figure 3B). This suggests an 

abnormal circuitry caused by deeper microlesions leading to increased MAPK-CREB 

signaling in superficial layers and ongoing interictal spiking (Figure 3C). We hypothesize 
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that microlesions within deeper layers of the cortex lack functional inhibitory neurons that 

lead to increased excitability and synchrony in superficial layers.

In addition to microlesions, our unbiased approach also predicted an increase of vascular 

structures in high-spiking brain regions (Dachet et al., 2015). This observation was 

supported also by a later proteomic study on the same samples (Keren-Aviram et al., 2018) 

other studies with both increases in vascularity and angiogenesis in animal models of 

epilepsy (Morin-Brureau et al., 2011; Pitkänen & Sutula, 2002). One explanation is that 

frequent ongoing spiking in these brain regions triggers an increase in vascular density due 

to increased oxygen need.

Parallel proteomic and genomic studies reveal both complementary and divergent 
changes

In other studies, proteomic and genomic analysis of the same samples often reveal changes 

in gene transcription that are not always seen through proteomics (Guoan Chen et al., 2002; 

Pascal et al., 2008). Using 2-D differential gel electrophoresis (2D-DIGE) on 6 patients, 

comparing epileptic (high interictal spiking) regions to nearby control regions, 8 proteins 

stood out as significantly upregulated, and 10 were downregulated (Keren-Aviram et al., 

2018). While these proteins were consistently up- or down-regulated across all samples, a 

number of proteins had an exceptionally high variance compared to proteins that were not 

changing. We hypothesized that proteins that are highly variable in their expression in 

epileptic tissues may be mechanistically important compared to proteins whose expression 

levels are constant. This led to the identification of additional proteomic changes. 

Altogether, 146 unique proteins were considered to be differentially expressed from 397 

highly variable spots on the 2D gels. Hierarchical clustering of these proteins revealed 

groups of co-regulated proteins, similar to what we found by clustering gene expression, 

and, similar to the genomic studies predicted increased blood proteins including carbonic 

anhydrase 1, fibrin and fibrinogen (Keren-Aviram et al., 2018).

The proteomic analysis also revealed changes not seen by transcriptomics (Keren-Aviram et 

al., 2018). One protein that was found to be significantly down-regulated in epileptic 

neocortical tissue was glial fibrillary acid protein (GFAP), specifically the 50kDa splice 

variant (Middeldorp & Hol, 2011). This was unexpected as GFAP, an intermediate filament 

protein, is commonly used as a marker for astrocytes (Middeldorp & Hol, 2011) that are 

often increased in epilepsy associated with hippocampal sclerosis (Oberheim et al., 2008). 

Results from other publisehd proteomic studies in human epilepsy have demonstrated GFAP 

to be increased in epileptic tissue(Yang, Czech, & Lubec, 2004). Yet, these other studies 

focused on lesional tissue without coregistration of electrical recordings, whereas here we 

focused our studies on non-lesional, human epileptic neocortical tissue precisely mapped to 

long term recordings. Studies on neocortical epilepsy, however, show a similar down-

regulation in astrocytic proteins, such as the inwardly rectifying potassium channel Kir4.1 

(Tessandra H. Stewart et al., 2010). Taken together, these results suggest that the expression 

or involvement of astrocytes in the epileptic process may be different for lesional versus 

non-lesional, neocortical epilepsy; however, additional studies are needed to fully 

understand the dynamic roles of astrocytes in neocortical epilepsy.
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Metabolomics, combined with genomics, reveals cell specific metabolism associated will 
regions of high epileptic activity

Epilepsy is a disease of hypersynchronous neuronal activity, so it would not be surprising to 

find metabolomic changes consistent with heightened activity. Taking a similar approach to 

the previously described genomic and proteomic studies, we identified a highly significant 

metabolomic signature between high and low spiking human epileptic neocortex(Wu, H. C. 

et al., 2017). Using high resolution magic angle spinning (HRMAS) H MRS we found that 

the relative expression of 6 out of a total of 14 metabolites could be used to clearly 

differentiate epileptic versus non-epileptic cortical brain regions. These included choline, 

creatine + phospho-creatine (Cr+PCr), glycerophosphorylcholine (GPC), myo-inositol, 

lactate, and N-acetylaspartylglutamate (NAAG).

While these metabolomic changes are highly consistent with and may help develop non-

invasive ways to someday ‘visualize’ human epileptic brain regions by MRI spectroscopic 

imaging, they also may reveal important new aspects about the metabolic state of the 

epileptic neocortex. Two of the differentially expressed metabolites share similar expression 

patterns with cell types predicted by transcriptomics. Specifically, an increase in Cr+PCr 

correlates with increased microglia and the decrease in lactate correlates with a decrease in 

type I neurons in epileptic tissues. This suggests that some metabolomic changes may be due 

to changes in the cellular architecture in the epileptic tissue, including changes in cell 

number or cell phenotype. While many think that lactate should be elevated, particularly 

after an acute seizure, a similar, unbiased study examining resected tissue samples from 

patients with epilepsy found a similar decrease in lactate expression in epileptic tissue 

(Detour et al., 2018). This highly consistent finding in all of our samples suggests that the 

cell populations in epileptic brain regions rely on more heavily on aerobic than on anaerobic 

respiration and may somehow drive the increase seen in total brain vascularity seen both by 

genomics and proteomics (Dachet et al., 2015; Keren-Aviram et al., 2018) .

Validation

While the results from human tissue studies are highly relevant to the human condition, they 

remain correlative in nature. To determine whether a specific change seen in human tissues 

is in fact causative or simply results from ongoing epileptic activity requires studies in 

animals where changes in the epileptic state can be quantified after interventions that 

increase or decrease a specific gene or pathway. Because most of the gene expression 

changes correlated better to interictal spiking than seizures, we optimized a chronic rat 

model of epilepsy that produces predominantly interictal spiking after injection of tetanus 

toxin into the rat somatosensory cortex(Barkmeier, D. T. & Loeb, 2009). We found that the 

generation of interictal spiking using this approach was sufficient to induce the exact same 

layer 2/3 specific pattern of CREB activation and MAPK gene expression as we discovered 

in human epileptic neocortex (Barkmeier, D. T. et al., 2012) (Figure 4). We further showed 

“cause and effect” in that a one-week treatment using a drug that blocks MAPK signaling 

following tetanus toxin injection prevented both downstream CREB activation and the 

development of interictal spiking, suggesting that MAPK signaling is required in the 
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epileptogenic process and could therefore be a potential therapeutic target to prevent 

epilepsy after a brain insult or injury (Barkmeier et al., 2012).

In addition to in vivo studies, we have utilized an in vitro approach to model repetitive 

spiking seen in epilepsy by repeated depolarization of the human neuronal like SY5Y cells 

as described above for BDNFOS (Lipovich et al.,2012). This model uses repeated pulses of 

100mM Potassium Chloride (KCl), which results in an influx of calcium ions into the 

neuronal like cells activating multiple cellular pathways, one of which is MAPK-CREB 

signaling (Wang, W. et al., 2018). Compared to a single depolarization, repeated 

depolarizations over an 8 hour period leads to sustained MAPK and CREB activation similar 

to what we have seen in human epileptic neocortical tissues(Lipovich et al., 2012) 

(Beaumont et al., 2012; Rakhade et al., 2005; Rakhade et al., 2007). The ability to create an 

in vitro model with human cells that mimics the MAPK activation and gene expression of 

the human epileptic brain allows us to perform mechanistic studies, both on coding and non-

coding transcripts, and will allow for future compound testing for drug development studies.

Reverse Translation

Generating new knowledge from human tissues is often referred to as a ‘reverse translation.’ 

Once targets and biomarkers are identified, the major goal will be to ‘forwardly’ translate 

findings in animal models back into human treatments. As described above, administration 

of a highly specific MAPK inhibitor was sufficient to prevent the development of epileptic 

discharges from tetanus toxin injection into the neocortex without any other identified side 

effect on the brain activity. This finding confirms a critical role for MAPK signaling 

pathway in the development of epileptic activity and highlights MAPK inhibition as a 

possible therapeutic treatment (Barkmeier et al., 2012). At present time, there are three FDA 

approved MEK inhibitors available for use in patients (Cohen & Sullivan, 2019). These 

inhibitors are currently used only for the treatment metastatic melanoma and rare childhood 

brain tumors as they carry significant side effects, particularly in the GI tract. In addition to 

these or other drugs that could be repurposed, our detailed systems biology approach is a 

virtual pipeline of additional targets both within and outside the MAPK signaling pathway 

that could be tested in both in vivo and in vitro models to identify novel regulators of 

epileptic activities. As described above, some of these novel approaches could include 

manipulation of lncRNAs that have the ability to alter the expression of pro-epileptogenic 

signaling genes. LncRNA manipulation as a potential therapy has been suggested in other 

research fields, most prominently in oncology(Arun, Diermeier, & Spector, 2018). However, 

technological advancements for targeting lncRNAs, including molecular delivery and 

stability, need to be made in order for this to occur(Leti & DiStefano, 2017; Ozcan, Ozpolat, 

Coleman, Sood, & Lopez-Berestein, 2015) .

Conclusions and Future Directions

Through an unbiased, big data mining approach, highly consistent patterns of differentially 

expressed genes, proteins, and metabolites, together with their associated signaling pathways 

can be discovered from carefully localized human neocortical tissues from patients 

undergoing respective epilepsy surgery. This experimental approach generates large, 
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unbiased data sets that can readily be organized into a multivariate interactome, that also 

includes clinical data such as medications and seizure characteristics. Using a variety of 

correlation analyses, statistically significant clusters containing a number of these variables 

can be visualized as shown in Figure 5. This interactome is thus a discovery machine that 

can be used through reverse-translation back into animal and in vitro models to validate 

novel biomarkers as well as therapeutic targets that can then be forward translated back to 

patients with epilepsy.

Moving forward, new database structures that have the ability to automatically draw in, 

integrate, and analyze data from electronic health records could make this highly laborious 

approach more tenable for most institutions and could be applied to other disorders as well. 

Some of the major challenges will include the development of digital tools that 

automatically place a mark on imaging studies where tissue is removed, improved 

algorithms for quantifying EEG studies, and programs that link these together, both spatially 

and longitudinally, over each patient’s life. Single cell RNA-sequencing is an additional new 

tool that will be complementary to our mathematical approaches and can identify distinct 

cell populations that could be therapeutically targeted.
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• Novel approach to combine quantitative electrical, brain imaging, and 

genomics for refractory epilepsy

• Internally controlled study designs yield unbiased clues for why some brain 

regions are epileptic

• A multivariate interactome is presented as a discovery machine for human 

epilepsy
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Figure 1. Human epilepsy systems biology workflow.
Patients who undergo long-term intracranial EEG monitoring followed by tissue removal to 

treat their epilepsy provide a unique opportunity to discover what is different about epileptic 

brain areas compared to non-epileptic brain areas. Precisely localized brain regions with 

high or low epileptic activities (spiking, non-spiking plus or minus seizures) quantified by a 

variety of algorithms are co-registered to MRI and CAT scans which aligns electrode 

locations with brain structures. Tissue blocks (1 cm3) from resected tissues at each electrode 

location are subdivided so that half is fixed for histology and the other half frozen 
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immediately for molecular analyses. Using this approach, immunostaining and in situ 

hybridization are performed on the fixed tissue, whereas genomics, proteomics, and 

metabolomics are performed on alternating strips of even amounts of layers I-VI from the 

gray matter. In this way the molecular measures can be directly linked to histology, brain 

imaging, quantitative electrophysiology, and patient clinical information.
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Figure 2. Internally controlled studies identify common molecular pathways linked to epileptic 
brain activity that can be confirmed and localized specific cell populations.
Common, genome-wide transcriptional differences were identified either between seizure 

onset versus non-seizure onset or high-versus low-spiking brain regions (n=5 patients for 

seizure onset; n=15 patients for interictal spiking). A Venn diagram shows considerable 

overlap between seizure and spiking genes, but also demonstrates genes that are unique to 

seizure onset and high spiking brain regions. Using ontological analysis and known patterns 

of transcription factor regulation, a highly significant pathway was predicted and linked 

epileptic activity to MAPK and CREB signaling, immediately early genes, and plasticity 
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genes. Once implicated, validation studies confirmed these pathways, as shown on the 

bottom images with Western blots and immunostaining. This demonstrates that these 

predicted pathways are indeed overactive in epileptic, but not non-epileptic brain regions, 

and highly localized to specific neuronal lamina. Both MAPK (pERK1/2) and downstream 

nuclear CREB activation are restricted to layers 2 and 3 suggesting that epileptic spiking 

involves these specific layers.
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Figure 3. Gene clustering predicts a ‘Cellular Interactome’ composed of microlesions in deeper 
cortical layers.
From 30 brain samples with varying amounts of interictal epileptic spiking, we developed a 

novel gene expression clustering approach to identify highly co-expressed genes clusters 

(A). Each dot in a cluster corresponds to a specific gene and the proximity of dots 

corresponds to the closeness of their correlation. Examination of how each predicted cell 

cluster changes relative to each other makes further predictions of histological differences in 

epileptic brain regions. Each prediction is then validated by tissue staining as shown in (B), 

where novel microlesions were discovered in deeper cortical layers adjacent to activation of 

MAPK and CREB in superficial layers. (C) A model of how these deep microlesions could 

contribute to generating synchronous epileptic spikes in superficial lamina due to a loss of 

inhibition from the microlesions.
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Figure 4. Layer-specific activation of CREB and downstream plasticity genes in a rat model of 
cortical interictal spiking closely parallels human epileptic cortex.
As a mean to test for cause and effect of genes and pathways predicted from human cortex, 

we optimized a rat model of interictal spiking using a single injection of tetanus toxin into 

somatosensory cortex followed by long-term video EEG and histological analysis. (A) A 

sample recording at one week after tetanus toxin injection shows interictal spikes confined to 

the left hemisphere. (B) At this time selective CREB phosphorylation is seen in layer 2/3 of 

the spiking hemisphere relative to the contralateral, non-spiking hemisphere. This 

phosphorylation extends far beyond the injection site (solid arrow; slice approximately 1 
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mm anterior to injection site). (C) A three-dimensional heatmap shows the interictal spike 

field size two weeks after tetanus toxin (D) within 1 mm of the injection site (solid arrow). 

At two weeks, layer specific gene expression of genes induced in human cortex are seen to 

spreads laterally in this model away from the injection site. Using radioactive in situ 

hybridizations, EGR1 is diffusely induced, but especially strong in the superficial part of 

layer 2/3. NARP and BNDF induction are highly restricted to layer 2/3 of the spiking 

hemisphere (open arrows), while the non-spiking hemi-sphere shows comparatively sparse 

signal. The housekeeping gene GAPDH was used as a control and shows an even signal 

across both hemispheres in layers 2–6.
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Figure 5. Multivariate Interactome.
Integration of data from our systems biology approach allows all data to be linked together 

to identify significant correlations between all variables. These relationships were visualized 

using Cytoscape software (https://cytoscape.org/) that shows correlations between genes, 

proteins, metabolites, predicted cell populations, electrical and clinical variables. Each type 

of data has a different shape and the closer two objects are two each other, the stronger the 

correlation. Many of these independent variables now fall into clusters that integrate many 

types of variables related to different aspects of epilepsy. Continued expansion of this 

discovery-based approach will provides an unbiased approach to explore the molecular, 

cellular, electrical and clinical underpinnings of human epilepsy.
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