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In vivo GABA increase as a biomarker of the epileptogenic zone: an unbiased metabolomics approach

Florence Fauvelle , Vasile Stupar , Jia Guo , Wafae Labriji , Chen Liu , Alicia Plaindoux , Emmanuel Luc Barbier , Sophie Hamelin , and Antoine Depaulis  
Grenoble Institut Neurosciences, University Grenoble Alpes, La Tronche, France, IRMaGE, University Grenoble Alpes, La Tronche, France, Departement of Psychiatry, Columbia University, New York, NY, United States

Synopsis
New non invasive methods are required to better delimit the epileptogenic zone (EZ) during the pre-surgical exam of epileptic patients. By combining ex vivo NMR
spectroscopy-based (MRS) untargeted metabolomics and in vivo MRS-based targeted metabolomics, we found that GABA was the most discriminant metabolite of the
epileptogenic zone vs adjacent brain regions in a mouse model of mesio-temporal lobe epilepsy (MTLE). GABA appears therefore as a speci�c in vivo biomarker of EZ in
MTLE.

INTRODUCTION
For the 30 % of drug-resistant epileptic patients who mainly su�er from focal epilepsy, a surgical resection of the epileptogenic zone (EZ) can be proposed with a mean
e�ciency of 50-80 . A precise identi�cation of the EZ is mandatory for an e�ective resection. Despite a large panel of noninvasive preoperative explorations, intracranial
EEG (IEEG) is often required , but the low spatial sampling of each electrode and/or misguided implantation may result in the resection of an insu�cient brain area.
Therefore, the development of non-invasive methods to better identify the EZ and to guide electrode implantation remains a challenge. In our study, we hypothesized that
MRS-based metabolomics could address this issue in mesio-temporal lobe epilepsy (MTLE), the prototype of surgical epilepsy. We used KA-MTLE (kainate) mice, that leads
to hippocampal sclerosis similar to human ones . Using pattern recognition methods applied to ex vivo MRS data, we determined the metabolic pro�le of the EZ relative to
(i) Sham and (ii) adjacent structures, and identi�ed the metabolite that best discriminate EZ. We then performed in vivo MRS of this metabolite to evaluate its reliability as
a biomarker for the non-invasive detection of the EZ .

MATERIALS AND METHODS
Animals 
KA-MTLE mice were obtained by injection into the right dorsal hippocampus of 50 nL of KA while Sham received NaCl . We performed 7 experimental series. For one
series, a half KA dose was used instead of regular dose. Thirty days after injection, we recorded hippocampal EEG activity to check for typical hippocampal paroxysmal
discharge (Fig 1A).  
In vivo MRI experiments 
In vivo MRI and MRS were performed on a 9.4 Tesla scanner (BioSpec 94/20 Avance III HD, Bruker Biospin) with ParaVision (6.0.1) software three weeks after KA injection.
We �rst acquired T2-weighted images to check for hippocampal sclerosis in KA-MTLE mice (Fig 1B). Then we used a customized MEGA-PRESS  method for GABA level
measurements into the injected hippocampus (2x1x2 mm3 voxel, 68 ms echo time, 512 averages for On and OFF spectra each using interleaved mode, 34-min
acquisition). We pre-processed and quanti�ed the data using the JET algorithm , which requires no manual adjustment. Creatine+phosphocreatine (CR), GABA+ (GABA +
macromolecule), and glutamate+glutamine (GLX) were quanti�ed. To limit the e�ect of possible acquisition bias, we calculated the ratios GABA+/GLX. 
Ex vivo HRMAS MRS 
One week after in vivo MRS, we collected 5 samples/animal: ipsilateral and contralateral hippocampus (IH and CH), divided each in posterior (P) and anterior (A), and
adjacent cortex for H HRMAS MRS. This latter was performed on a Bruker Avance III spectrometer (IRMaGe, CEA, Grenoble, France) at 500 MHz using a CPMG pulse
sequence (echo time 30 ms). Quanti�cation was performed using the QUEST procedure of jMRUI . 
Statistical analysis 
We applied multivariate statistics using the SIMCA-P software v14 (Umetrics, Umea, Sweden), to �nd the metabolites most involved in EZ discrimination, based on their VIP
(variable importance in the projection) values . We considered metabolites with VIP ≥ 1 as the most relevant.

RESULTS
For KA-MTLE mice with typical paroxysmal discharges (Fig 1A) and associated hippocampal sclerosis (Fig 1B), the principal component analysis (PCA) built with H HRMAS
MRS data of tissue showed that EZ had a speci�c metabolic pro�le, compared to sham animals and, more importantly, compared to adjacent regions (Fig 2A). 14
metabolites were stronly dysregulated in EZ compared to Sham.
Classi�cation of the metabolites according to their discriminating power showed that GABA was the most discriminant metabolite of EZ (Fig 2B), with a more than 100%
increase compared to sham homologous brain area (Fig 2C). Alanine and acetate were also increased by around 50%. 
The MEGA-PRESS analysis of EZ con�rmed this large GABA increase, and the decrease of GLX (Fig 3A). The in vivo and ex vivo data were largely consistent, as indicated by
the correlation curve (Fig 3B).

DISCUSSION/CONCLUSION
By using an unbiased methodological strategy, we have demonstrated that a drastic increase of GABA and the associated GABA/GLX ratio are EZ-speci�c in a validated
model of MTLE with focal seizure .  
While this result appears somewhat paradoxical with the “GABA-de�ciency theory” of epilepsy , it is consistent with several studies in animal model  and in patients ,
suggesting that GABA could contribute to epileptogenesis and ictogenesis. 
Our projects are now i) to develop chemical shift imaging of GABA for animal and ii) to measure in vivo GABA levels in EZ of patients with a suspicion of MTLE. For this
latter, in vivo GABA edition could be performed before surgery, followed by ex vivo MRS of resected tissue.
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Figures

Figure 1: A/ Intrahippocampal electroencephalographic recording of KA-MTLE mouse (top) compared to Sham (bottom), showing a typical hippocampal paroxysmal
discharge. B/ Three representative coronal adjacent MR images from Sham (left) and KA-MTLE (right) mice. The hippocampal sclerosis is clearly visible in EZ (right).

Figure 2: A/ Score plot of the principal component analysis (PCA) built with HRMAS MRS data of KA-MTLE mice and the 5 brain regions sampled (ipsilateral and
contralateral hippocampus (IH and CH), posterior (P) and anterior (A), and adjacent cortex) . B/ Variable importance in the projection (VIP) ranking metabolites from most
discriminative (VIP>1) to less discriminative ones in KA-MTLE mice C/ Percentage of variation of 8 metabolites (among the 19 metabolites quanti�ed) in the 5 brain regions
of KA-MTLE mice vs their sham homologous.

Figure 3: A/ In vivo GABA edition using MEGA-PRESS pulse sequence. Examples of GABA and GLX peaks in the subtracted spectrum, �tted using the JET algorithm, in Sham
(top) and KA-MTLE (bottom) mice (regular KA dose). B/ Regression curve between in vivo GABA+/GLX and ex vivo GABA/GLX
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