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Summary

Objective—This study aimed to identify non-invasive biomarkers of human epilepsy that can
reliably detect and localize epileptic brain regions. Having non-invasive biomarkers would greatly
enhance patient diagnosis, patient monitoring, and novel therapy development. At present time,
only surgically invasive, direct brain recordings are capable of detecting these regions with
precision, which severely limits the pace and scope of both clinical management and research
progress in epilepsy.

Methods—We compared high versus low or non-spiking regions in 9 medically intractable
epilepsy surgery patients by performing integrated metabolomic-genomic-histological analyses of
electrically-mapped human cortical regions using high resolution magic angle spinning proton
magnetic resonance spectroscopy, (HR-MAS 1H MRS), cDNA microarrays, and histological
analysis.

Results—We found a highly consistent and predictive metabolite logistic regression model with
reduced lactate and increased creatine plus phosphocreatine (Cr+PCr) and choline, suggestive of a
chronically altered metabolic state in epileptic brain regions. Linking gene expression, cellular,
and histological differences to these key metabolites using a hierarchical clustering approach
predicted altered metabolic vascular coupling in the affected regions. Consistently, these
predictions were validated histologically showing both neovascularization and newly discovered,
millimeter-sized microlesions.
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Significance—Using a systems biology approach on electrically-mapped human cortex provides
new evidence for spatially-segregated, metabolic derangements in both neurovascular and synaptic
architecture in human epileptic brain regions that could be a non-invasively detectable biomarker
of epilepsy. These findings highlight both the immense power of a systems biology approach and
identify a potentially important role that magnetic resonance spectroscopy can play in the research
and clinical management of epilepsy.

epilepsy; interictal spikes; human metabolite biomarkers; magnetic resonance spectroscopy

Introduction

Epilepsy is a disorder of recurrent seizures that affects 50 million people worldwide and
medication management is ineffective in up to 30%!?. In patients whose seizures start from
focal brain regions, surgery that removes electrically active brain regions can be curative;
however, identifying these regions can be challenging. Precise localization of these inciting
regions is pivotal to treatment success, but frequently requires invasive implantation of
recording electrodes?. While some patients develop epilepsy in response to a lesion (e.g.
injury, tumor, or stroke), the regions of brain that produce seizures are often well outside the
margins of the lesion and are also be resected for optimal outcome34. The identification of a
reliable, non-invasive biomarker would greatly help in localizing epileptic brain regions for
surgery in addition to being informative for clinical trials and diagnosis.

Epileptic regions of the brain produce abnormal synchronous discharges involving large
populations of neurons. These discharges can be single, as in the case of interictal
discharges, or they can become rhythmic and propagate over large regions of the brain,
resulting in seizures. While the exact relationship between interictal spiking and seizures is
not understood?®, their localization is highly concordant® and the removal of both regions is
associated with improved surgical outcome’. Animal studies have shown that interictal
activity may precede and hence be a biomarker of seizure development®.

We collected electrically-mapped regions of human neocortex from patients undergoing
long-term invasive monitoring with electrocorticography (ECoG) using subdural grid
electrodes to localize regions of the cortex that produce seizures and interictal spiking®
(Figure 1). Our systems biology program was designed to integrate quantitative clinical,
neurochemical, electrical, and genomic signatures of different brain regions with and
without significant epileptic activities0-13. By knowing the /n vivo electrical behavior of
each resected piece of tissue, we have the unique ability to compare highly epileptic brain
regions to nearby electrically quiet regions serving as internal controls within each patient.
Studies from this program have implicated layer-11/111-specific activation of MAPK and
CREB signaling and the presence of deeper “microlesions” that show a dramatic reduction
in axodendritic connectivity in brain regions with high levels of epileptic activity!3. In the
present study, we use the exact same brain regions that we have studied using transcriptional
profiling and histology to assess metabolomic differences.
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Magnetic resonance spectroscopy (MRS) is a technique for characterizing compounds
associated with tissue metabolism. This technique has high translational potential since it
can be applied to both intact tissue samples ex vivo as well as /in vivo. While there are
numerous MRS visible nuclei, 1H spectroscopy is the most common by virtue of its high
sensitivity and the numerous compounds it is capable of probing. Previous 1H MRS studies
of epilepsy have demonstrated perturbations in the neurochemistry of epilepsy patients and
have assisted in efforts to lateralize the epileptic focus'#1%; however, a highly sensitive and
specific set of non-invasive biomarkers have yet to emerge in part due to uncertainties in
localization, poor spatial distinction of epileptic and non-epileptic brain regions, and use of
relatively low field strength MR systems. Here, we addressed these challenges for the first
time using resected human neocortical brain samples that were precisely localized and
electrically characterized using long-term ECoG recordings. We then used the superior
spectral resolution provided by an ultra-high field spectrometer at 11.7T to ask whether
epileptic human neocortex has a unique metabolite signature. We found that epileptic human
neocortex exhibits a unique metabolomic profile and that by using an integrative systems
biology approach with genomic and histopathologic findings an altered metabolic state was
found in epileptic neocortex that can be used as a non-invasive biomarker of epileptic
activity.

Isolation of human tissue and electrophysiology

Human brain tissue samples from 9 human subjects with refractory epilepsy were obtained
with informed consent as part of a research protocol approved by the Wayne State University
Institutional Review Board and their participation in the study had no influence on their
clinical care or treatment plan. All 9 subjects underwent a two-stage surgery, with long-term
subdural ECoG, consisting of initial electrode placement (Stage 1) for long term recording
and observation to optimize surgical resection (Stage 2) of seizure generating areas (Table
1). Detailed methods on how ECoG and surgical resection tissues were identified, processed,
and analyzed have been described previously10.13. Briefly, interictal spiking activity was
determined by averaging spike counts from 3 independent 10 min segments of ECoG
recording, which were continuously recorded for at least 3 days prior to resection. To avoid
contamination from ictal activity, we use the following criteria for selecting 10 minute
segments of awake intracranial EEG data for analysis: 1) at least 3 hour interval between
segments, 2) more than 2 hours since previous partial seizure, and 3) at least 8 hours since
the previous generalized tonic-clonic seizure. Spike counts were carried out by an in-house
Matlab program. Medications were tapered and discontinued for all patients to allow for
adequate seizure capture, with the tapering schedule being determined by the clinical team.
Tissue removed during surgery was immediately placed on ice. Electrode placements were
mapped precisely to their corresponding location on the neocortex using a combination of
intraoperative electrode placement photos, as well as pre- and post-placement head CT,
MRI, and X-rays. Tissue samples localized to each electrode of interest was removed and
divided into two halves. One half was fixed in 4% paraformaldehyde for use in histological
studies while the other half was rapidly frozen on dry ice and stored frozen at -80°C until for
future analysis (Figure 1A). From resection to -80°C storage, samples were processed in
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approximately 45-60 minutes, depending on the size and number of tissue samples. Because
of the great variance between patients in absolute spike frequency between regions
considered for high and low spiking, we dichotomized the spike frequencies into “high” and
“low” spiking categories to reduce high-leverage effects. For each patient, the subdural
electrode demonstrating the highest spiking frequency was classified as “high spiking” and
the electrode with the lowest or no spiking was classified as “low spiking.” In this manner,
high and low spiking electrodes for each patient were identified and analyzed using both
microarray and HR-MAS 1H MRS at 11.7T. Critical for the present studies, nearby regions
with differing levels of spiking were processed in parallel with the same processing times
between resection and freezing so that metabolomics differences would not be attributed to
processing times within a given patient.

Because the “low” spiking regions are used as internal controls for each patient, within-
subject comparisons can reduce variance due to patient-specific differences in medications
and brain regions.1® This internally-controlled study design is critical to rule out differences
in tissue processing, inflammatory responses from recording electrodes, and time-dependent
metabolomic changes related to the tissue resection. All tissue samples in this study were
selected on the basis of their varying degrees of spiking activity and were free of apparent
pathological changes, including inflammatory responses form the recording electrodes, and
surgical hemorrhage based on gross examination and histology. Tissue histopathology
identified in Table 1 reflects tissue diagnoses made from a separate region of the resected
brain tissue. Tissue histology studies were done as described in our previous study’3.

High Resolution Magic Angle Spinning H Magnetic Resonance Spectroscopy

For each patient, we compared multiple regions with high versus low (or no) epileptic
activity using HR-MAS *H MRS, which allows for metabolite profiling of intact brain tissue
without the need for disruptive chemical extractions!’-18. For metabolite acquisition using
HR-MAS 1H-MRS, 2 mm punches were obtained from the apical neocortical gray matter
(layers I-111), for each pair of high and low spiking samples within every patient in triplicate,
at minimum, while frozen on solid CO». Tissue samples that were larger in size may have
more than 3 replicates. The median number replicates for low spiking tissue was 4 with a
range from 3 to 8 and the median number of replicates for high spiking tissue was 6 with a
range from 3 to 9. A total of 94 individual data samples were analyzed for this study,
consisting of 52 high spiking samples and 42 low spiking samples. The frozen punches were
analyzed using HR-MAS 1H-MRS on a 500 MHz (11.7T) Bruker Avance DRX-500
spectrometer equipped with a g-HR MAS 500 WB BL4 P-HD probe (Bruker BioSpin
Corporation, Billerica, MA), as described by Ghoddoussi et al. (2010)1°. The samples were
placed directly into a Bruker zirconium rotor containing 5uL phosphate buffer (pH = 7.4),
D0, trimethylsilyl-proprionate (TSP) as the internal chemical shift reference (0.00 ppm),
and formate for phase correction (8.44 ppm). The filled rotor was placed into a Bruker
magic angle spinning probe maintained at 4°C and spun at 4.2 + 0.002 kHz while positioned
at 54.7¢ relative to the static magnetic field (Bg). Semi-automated and manual first and
second order shimming was used to reduce field inhomogeneities. A rotor-synchronized 1-D
Carr-Purcell-Meiboom-Gill (CPMG) with [90°-(t-180°-1),] pulse sequence was used to
acquire tissue spectra2%. Twelve echo pulses were applied (n = 12) with an inter-pulse delay
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(t) of 150 ps for TE = 3.6 ms (echo time) and TR = 6.21 s (repetition time). All spectra were
acquired at a spectral bandwidth of 7 kHz (14 ppm) with 128 averages for a total acquisition
time of approximately 13 min per sample.

Metabolite fitting

The raw 'H MRS spectra were analyzed using LCModel?! with a custom experimentally
derived basis-set containing 27 individual neurochemical metabolite model spectra
combined with simulated lipid and macromolecule signals. The experimentally derived
basis-set was obtained under identical experimental conditions as the tissue analysis. The
concentration of the metabolites between 1.0 to 4.2 ppm were estimated using LCModel and
ultimately expressed as normalized mole percent of total metabolites, allowing
measurements to be relatively insensitive to changes in extracellular volume22, LCModel's
estimated confidence of the fitted metabolite spectra (i.e. how well it matches the original
data) was estimated using Cramér-Rao Lower Bounds (CRLB). For this study, only
metabolites whose average CRLB were less than or equal to 10% were used for further
analysis.

Microarray analysis and detection of differentially expressed genes

We further performed genome wide expression studies using Agilent microarrays and
histology on the same tissue samples. Total RNA was isolated from pooled alternating strips
of full-thickness (layers 1-V1) neocortical gray matter, helpful in averaging out small local
differences. A quadruplicate, flip-dye experimental design was used for each pair of high
and low spiking samples within every patient and has been described previously19-11,
Briefly, labeled antisense RNAs were spin column purified and hybridized to human,
genome-wide 60-mer oligonucleotide arrays (Catalog #G411A, Agilent), in a two-color dye-
swap fashion. Differentially expressed genes were identified with a two-step hierarchical
linear mixed model, correcting for array, dye, patient, array-die interactions and within-
patient effects. Genes that had more than a 1.4-fold change between high and low spiking
samples with a false discovery rate of < 0.01 were considered to be differentially expressed.
We identified 990 such differentially expressed genes from our 9-subject sample.

Tissue discrimination and clustering

In order to get a sense of whether or not there are detectable differences in metabolites
between high and low spiking regions, two-sample t-tests were initially performed on all 14
metabolites of interest to determine if significant differences exist between the metabolite in
high and low spiking tissues. Afterwards, more refined classification and discrimination of
high and low spiking samples using the metabolite profiles of all 94 samples were performed
using generalized estimating equation (GEE) logistic regression model with an exchangeable
covariance matrix implemented in R with geepack?3:24, This repeated measures approach
help account for within-subject variability, since the samples were measured in

multiplicates. Receiver Operating Characteristic (ROC) curves, a measure of model
performance, were calculated using pROC package, together with a bootstrap estimated 95%
confidence interval of the model sensitivity2®. Because several metabolites were highly
correlated (r > 0.8) with each other, principal components analysis was initially used to
address the issue of multicollinearity. Since the goal of our PCA analysis was to minimize
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multicollinearity, we chose to include the maximum number of components possible (i.e. all
14 components) for our full model GEE logistic regression, in order to make predictions on
whether a particular tissue sample is high or low spiking. The appropriateness of using the
varimax orthogonal rotation method of PCA is validated by both an adequate Kaiser-Meyer-
Olkin measure of sampling accuracy (MSA = 0.84) as well as significant Bartlett's test of
sphericity, X2(91) = 1109, p<.001, indicating that the data is appropriate for PCA
analysis?®. The resultant factor scores were used as predictors in our logistic regression
model, which used a given sample's measured metabolite profile to determine a predicted
probability (/59 that the sample was a high spiking sample. The full 14 component model
performed extremely well in discriminating high versus low spiking tissue with an ROC area
under the curve (AUC) of 0.90, 95% CI [0.83, 0.96]. A maximum accuracy of 83% along
with 85% sensitivity and 81% specificity was achieved using cutoff threshold of 0.57, where
all £=0.57 would be considered “high spiking” while those below the cutoff would be
considered “low spiking.”

Gender was not included as a covariate in the model due to the highly uneven distribution
between female (n = 7) and male (n = 2) participants. Effects of region (based on electrode
placement), subject age, and whether brain regions were also epileptogenic zones were
tested and determined to have insignificant effects on the model overall (X2 (3) =1.09), and
hence were removed from all analyses to reduce over fitting. Components playing a
significant role (Wald p-values < 0.10) in discriminating high from low spiking samples
were identified and key metabolites were identified based on which metabolite had the
highest loading factor on each component, where the loading factor was at least 0.80. A
confirmatory 10-fold cross validation analysis with 10 repetitions with was also carried out
to assess for over-fitting.

To better understand the mechanisms behind the differences in metabolite expression, these
metabolites of interest are used for additional correlational clustering studies in order to
observe how changes in key metabolites can correspond to changes in gene expression and
cell type distribution. Pearson correlations between the 990 differentially expressed genes
(described above) across the 18 high and low spiking samples obtained from our 9 subjects
and their corresponding mean metabolite concentrations for each sample were calculated!3.
Linkages between two genes were created when Pearson correlations were greater than or
equal to 0.70 (r = 0.70), a cutoff that was also consistent with an FDR of less than 0.0727.
Clusters were further analyzed using a combination of ConsensusPathDB?8 and primary
literature searches for functional and pathway enrichment. A cutoff threshold of FDR
adjusted p < .05 was used to identify potentially significant pathways associated with each
metabolite-gene cluster. Additional associations between metabolites and putative cell types
are explored using Pearson correlation based hierarchical clustering using the average
linkage method. Metabolite-cell cluster relationships were further characterized using
Pearson correlation values, where Pearson correlations = 0.70 (FDR adjusted p < 0.05) were
considered statistically significant.
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Neocortical samples obtained from precisely localized brain regions demonstrating high and
low spiking were identified and subdivided for metabolomic, genomic, and histological
analyses (Figure 1A). These samples were obtained from 9 patients who underwent surgery
for refractory epilepsy (Table 1). Transcriptional and histological data on these tissues had
been gathered in our previous study!3. For HR-MAS H MRS, the acquired spectra were of
high quality (Figure 1B) with mean LCModel estimated signal to noise ratio (SNR) of 34.3
+ 8.41 (mean = s.d). There were 14 metabolites with mean CRLB less than or equal to 10%,
which were included for further analysis. These metabolites were: choline,
glycerophosphorylcholine (GPC), -y-aminobutyric acid (GABA), glutamine, glutamate,
myo-inositol, lactate, N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG),
phosphorylcholine (PCh), phosphorylethanolamine (PE), taurine, simulated macromolecule
at resonance position 1.40 ppm (MM140) and creatine plus phosphocreatine (Cr+PCr).

Mean values for the 14 metabolites in high spiking and low spiking tissue samples are
summarized in Table 2. Statistically significant (p < 0.05) differences in metabolite levels
between high and low spiking tissues were found in 4 of 14 metabolites, namely choline,
phosphorylcholine (PCh), lactate, and phosphorylethanolamine (PE) (Table 2). All were
decreased in high spiking tissue. Further analysis of all 14 metabolites using a combination
principal components analysis and generalized estimating equation (GEE)?° based logistic
regression yielded a short list of 8 potentially important metabolites. Of these, 6 were
identified to make significant contributions (Wald p < 0.05) in differentiating high versus
low spiking samples (Figure 2B and Table 3). These metabolites were: choline, creatine plus
phosphocreatine (Cr+PCr), glycerophosphorylcholine (GPC), myo-inositol, lactate, and N-
acetylaspartylglutamate (NAAG). Our logistic regression model performed well in
discriminating high and low spiking tissue samples (Figure 2A) with a Receiver Operating
Characteristic (ROC) area under the curve (AUC) of 0.88, 95% CI [0.81, 0.95] (Figure 2C).
Our optimal accuracy in classifying high versus low spiking using these metabolites was
82% with a sensitivity of 85% and specificity 79%. Our confirmatory 10-fold cross
validation analysis of our model yielded a mean AUC of 0.83, consistent with a model that is
not over-fitted. In summary, this metabolomic signature presents a highly sensitive and
specific new way to differentiate epileptic brain regions from their non-epileptic
counterparts and provides a potential approach to non-invasively “visualize” epileptic brain
regions clinically using 1H MRS.

In order to validate these findings and to better understand their significance, we performed
an integrative analysis of metabolomic, transcriptional, and histological measures from each
of the 18 brain samples. Two major clusters of gene-metabolite interactions emerged,
centering on changes in energy state, with a down regulation of lactate and upregulation of
Cr+PCr (Figure 3A). Down-regulated lactate clustered with a group of genes associated with
G-protein coupled receptor signaling and angiogenesis pathways (FDR adjusted p < 0.01),
specifically VEGFA, FLT1, RGS1, RGSZ, RHOU, GNA13, and TFRC, all of which were
up-regulated in high-spiking brain regions. Also notable from the cluster was the
upregulation of multiple genes associated with ubiquitination, highly suggestive of the
preferential involvement of the ubiquitin-proteasome pathway (UPP) in high spiking areas.
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Using a larger set of brain samples, some of which were included in this study, we
developed a novel clustering approach to predict cell-type specific changes in regions of
high versus low epileptic spiking, creating what we called a “cellular interactome”13, In that
study, we showed consistent differences in high spiking tissues that included increases in
blood vessel density, inflammatory microglia, and millimeter-sized microlesions in deeper
cortical layers. These microlesions contain a unique population of neurons with reduced
NeuN staining (Type 1 Neurons) and increased microglia (Type 1 Microglia). While these
cell populations do not correspond to any specific known cell type, they were previously
identified in our microarray study by a statistical clustering technique, where these cell
clusters exhibited a similar set of transcriptional features that corresponded to distinct
histological differences3. Combining the cellular interactome with the present metabolomic
dataset, we found significant correlations between reduced lactate and Neuron 1 (r = 0.76; p
< 0.05) and increased Cr+PCr and Microglia 1 (r = 0.72; p< 0.05) (Figure 3B-C). Both cell
populations correlated with the degree of epileptic activity and the number of
microlesions!2. Histological examination of the specific tissue samples used here
consistently showed an increase of microlesions and increased vascular density in high
versus low spiking regions (Figure 3D). Taken together, the combined genomic-metabolomic
and cellular interactome suggest the existence of a unique metabolomic-genomic signature
linked to altered tissue energy demand and consumption in high spiking brain tissue that
could serve as a clinically translatable, non-invasive biomarker for the functional and
structural abnormalities that underlie human neocortical epilepsy.

Discussion

The lack of non-invasive methods that can reliably detect and precisely localize epileptic
brain regions has made epilepsy a challenging disease to diagnose and has hindered the
development of novel therapeutics. Scalp EEG recordings are limited in their spatial
resolution, and can only reliably detect epileptic discharges if they involve at least 10 cm? of
brain tissue30. Intracranial recordings are needed to increase spatial resolution. 1H MRS,
with its ability to simultaneously measure multiple metabolites, offers a potentially powerful
means to detect epileptic brain regions non-invasively. Previous 1H MRS epilepsy studies
have focused on epilepsy associated differences in individual metabolites or the ratios of a
few metabolites?®31, but have not precisely co-localized these changes with intracranial
recordings. Here, by comparing human neocortical brain regions displaying high or low
interictal activity from intracranial recordings, we found a highly consistent metabolomic-
genomic profile with high predictive value. These differences suggest that high spiking
regions of the neocortex have a unique metabolic and energetic signature that could be
translated into a non-invasive *H MRS approach to differentiate epileptic from normal brain
regions clinically. Interestingly, whether a given brain region was also an epileptogenic zone
did not affect the predictive ability of this model, suggesting that the metabolomic signature
correlates mainly with interictal activity and is not altered by the presence or absence of an
epileptogenic zone.

Here, we used a novel systems biology approach that linked human brain electrical activity
to metabolomics, genomics, and cellular/histological changes. This offered a powerful,
unbiased means to discover and simultaneously validate biomarkers of human epileptic brain
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activity while providing further insights into the underlying molecular and cellular
abnormalities associated with epilepsy. Hierarchical clustering between metabolites and
cellular transcriptional changes, showed a close parallel between the down-regulation of
both lactate and Type 1 Neurons that we recently described and can be identified by reduced
NeuN staining in high spiking regions of most patients with neocortical epilepsy23.
Similarly, the upregulation of Cr+PCr correlated with an increase of other neurons and
Microglia. Interestingly, microglia have also been shown to express high levels of PCr32,
which may help explain Cr+PCr as a positive predictor of high spiking activity.

Exactly why lactate is consistently downregulated in high spiking brain regions is not clear.
This may be due to unmet energy demands from the frequent interictal spiking leading to
lactate consumption as an alternative energy source. Recent work has shown that inhibition
of lactate dehydrogenase that coverts lactate to pyruvate can cause hyperpolarization in
neurons and suppress epileptiform activity33, providing evidence for a possible role for
lactate metabolism in epileptiform activity. The strong relationship between lactate and the
cluster of genes enriched in angiogenesis, is further validated by histological evidence of
blood vessel proliferation in high spiking samples that may be a compensatory response to
higher energy demands?2.

Our unique study design, using multiple paired samplings of both high and low spiking
samples from within the same patient, attempts to reflect the differences in baseline
metabolism /n vivo. While post-resection tissue ischemia could contribute to our metabolite
results, particularly by increasing lactate, our study design and analysis attempted to
minimize these contributions by comparing samples that underwent the same post-resection
processing. These results are not likely due to effects of tissue degradation since acetate
levels, which can be expected to increase with tissue degradation34, remained minimal in our
samples. Furthermore, re-analysis of our dataset excluding lactate as a predictor also yielded
good discrimination between high and low spiking tissue samples. This allows us to be more
confident that high and low spiking tissue exhibit different metabolic characteristics.
Nevertheless, we cannot rule out the possibility that post-resection metabolism differences
contributed to reduced lactate in the high spiking areas.

While numerous studies of human epilepsy using MRS have also implicated neuronal,
mitochondrial, metabolic, and energetic derangements, which frequently extended beyond
the regions of identified seizure onset 1535 none of these have quantitatively correlated
these findings with electrophysiology with high spatial resolution. Our study is the first of its
kind to use a multi-modal approach to assess metabolic features in human epileptic
neocortex using HR-MAS H MRS and incorporate complementary genetic and histological
approaches to further inform our findings. Further validation of our studies using large and
independent datasets would be insightful, particularly for those that also seek to identify the
metabolic features of seizure onset regions as well as interictal spiking regions with an /in
vivo approach. Further advancements in equipment technology and spectral editing
techniques may be needed to translate these ex vivo findings into /n vivo epilepsy
biomarkers.
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A key feature of these epileptic brain regions, based on our recent findings, is that they
contain microlesions that show dramatic, focal reductions in synaptic connectivity13.
Consistently, the involvement of both choline and GPC in our predictive model suggests
heightened cell membrane turnover in high spiking tissue. GPC and free fatty acids are key
breakdown products of phosphatidylcholine36, a major membrane constituent. This
breakdown process can be initiated under hypoxic conditions with the calcium-dependent
activation of phospholipase A, (PLAy), which is also responsible for the release of
arachidonic acid, a potent inflammatory intermediate3’. Furthermore, in recurrent seizures,
cortical oxygenation level has been shown to be inversely related to free fatty acid release38.
Choline, involved in membrane turnover, is active both as a membrane precursor and as a
membrane breakdown product from GPC degradation. Given the comparative lack of free
choline despite a relative increase in GPC in high spiking tissue, we suspect a re-distribution
of choline into various anabolic pathways, such as regeneration of phosphatidylcholine for
new membrane synthesis or acetylcholine synthesis. Elevated acetylcholine receptor
activation is known to increase seizure potential3. In fact, pilocarpine, an acetylcholine
receptor agonist, is a relatively common agent used to generate seizures in animal
models#041,

In summary, we have found a unique high resolution metabolite profile that can predict
accurately whether or not a given tissue sample is high or low spiking and suggests a
consistently altered metabolic state in epileptic human brain regions that show clear
pathological and transcriptional differences. With further technical refinement using
advanced MRS sequences that are capable of high resolution whole brain acquisition, and
higher field strength to detect larger numbers of metabolites*2, the measurement of these
metabolites could be adapted for clinical use and become an invaluable tool in our efforts to
better understand, localize, and treat epilepsy and the underlying processes leading to the
disorder.
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KEY POINTS
. Proton magnetic resonance spectroscopy (*H MRS) is able to identify a
characteristic metabolite profile associated with the human epileptic
neocortex
. This characteristic epileptic metabolite profile can be useful as a non-invasive

. Transcriptional and histological correlates of metabolite changes implicate a

. High resolution whole brain 1H MRS approaches in vivo could be a powerful

biomarker for the detection epileptogenic regions in the brain

baseline neurovascular imbalance between energy demand and energy supply
in epileptic neocortex

way to localize epileptogenic regions in patients based on spatial metabolite
profiles.

Epilepsia. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wu et al. Page 14

N
l \ High Spiking
Low Spiking
et Vak e Ve - = -
1 second
@O - @880e Lac
f. “" HR-MAS MRS
[ Metabolomics
l| | ol
0l K i
I "= Gray Matter \ o
Histolo Frozen ;
gy Isolation —_— s
RNA Genomic
. J
Cr+PCr
NAAG
myo-Ins, L
Tau Glu
GPC GABA
Cr+PCr [Ch
PE
myo-Ins Glu,GIn
Y Cho NAA |
myo-Ins Gly,
Gin (Tjn_l

4.6 4.4 4.2 4.0 3.8 3.6 34 3.2 3.0 2.8 26 2.4 2.2 2.0 1.8 1.6 14 1.2
Chemical Shift (ppm)

Figure 1. Experimental design
A) Human brain tissues were removed as part of planned surgery for refractory epilepsy.

Regions of high and low spiking are identified based on long-term subdural
electrocorticography. Each section of tissue is precisely mapped to the overlying subdural
electrode and then split into two halves. One half is used for histology while cortical gray
matter is isolated from the other half. The cortical gray matter is then further divided into
two portions, half of which is used to generate RNA for microarray analysis while the other
half is used for 'H HR-MAS MRS. B) Representative high resolution spectrum of H HR-
MAS MRS of human brain performed on partial thickness neocortical sample (Layers I-111).
LCModel fitted spectrum (red line) shows excellent correspondence with averaged raw
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signal (thin black line). Cho = free choline, Cr+PCr = creatine plus phosphocreatine, GABA
= y-aminobutyric acid, GIn = glutamine, Glu = glutamate, GPC =
glycerophosphorylcholine, myo-Ins = myo-inositol, Lac = lactate, MM140 =
macromolecules at 1.4 ppm, NAA = N-acetylaspartate, NAAG = A-acetylaspartylglutamic
acid, PCh = phosphorylcholine, PE = phosphorylethanolamine, Tau = taurine.
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Figure 2. Logistic regression demonstrates a consistent metabolomic signature
Logistic regression using 8 metabolites demonstrates high sensitivity and specificity in

discriminating high spiking tissue samples from low spiking tissue samples. A) Distribution
of high and low spiking tissue samples (red and blue shading, respectively) and their
predicted probabilities of being high spiking are illustrated in the histogram. B) Model
coefficients used for predicting high and low spiking tissue. Metabolites with significant (p <
0.05) contributions to the model are bolded. C) Overall model performance is characterized
by a receiver operating characteristic (ROC) area under the curve (AUC) of 0.88, indicating
excellent discrimination between high and low spiking tissues. Gray regions and horizontal
error bars indicate the estimated 95% confidence intervals of sensitivity and specificity using

non-parametric bootstrapping of 1000 samples.
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Figure 3. Correlational analysis between metabolites, genes, and histology suggest an alerted

metabolic state in high spiking human brain

A) Correlational clustering between predictor metabolites and differentially expressed genes

in high spiking tissue demonstrate a large cluster of up-regulated genes around lactate, a
negative predictor of high spiking. Upregulated genes are indicated in green and

downregulated genes are indicated in red. Pathway enrichment analyses indicate many of
these differentially expressed genes to be involved in G-protein signaling, angiogenesis as
well as ubiquitination. Relevant genes in the lactate cluster include: VEGFA, FLT1, RGS1,

RGS2Z, RHOU, GNA13, PK3CA, and TFRC. B) Hierarchical clustering between metabolites
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and cell types show significant associations between lactate and Neuron Type 1 (Neuron 1)
and also between Cr+PCr and Microglia Type 1 (Microglia 1). The red line indicates
significance threshold of correlation, where paired relationships to the right of the line are
significant. C) Normalized expression over all 18 samples between Lactate and Neuron Type
1 and between Cr+PCr and the cluster consisting of Microglia Type 1 and several other cell
correlational clusters show stronger clustering between lactate, Cr+PCr and several cell
types with the correlations between Microglia Type 1 and Neuron Type 3 being significant
(solid lines). Other correlations in the same cluster, while not statistically significant, are
also shown (dashed lines). D) Representative histology from Patient 1 demonstrating
increased blood vessels and the presence of microlesions (outlined) showing reduced NeuN
staining in high spiking tissue compared to its low spiking counterpart.
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