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Abstract

Background and Purpose Glutamate receptor mediated enhanced excitatory neurotransmission is typically associated with
mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS). Kynurenic acid (KYNA) and quinolinic acid (QUIN) are
two important tryptophan-kynurenine pathway (KP) metabolites that modulate glutamate receptor activity. This study was
designed to test the hypothesis that alteration in metabolism of KP metabolites in the hippocampus of patients with MTLE-
HS contributes to abnormal glutamatergic transmission. Experimental Approach TKP metabolites level were determined
using HPLC and LC-MS/MS in the hippocampal samples of patients with MTLE-HS compared to autopsy and non-seizure
control samples. mRNA and protein expression of TKP enzymes were determined by qPCR and western blot. Spontaneous
glutamatergic activities were recorded from pyramidal neurons in presence of kynurenine (KYN) and KYNA using whole cell
patch clamp. Key Results We observed significantly reduced KYNA and elevated QUIN levels in the hippocampal samples,
while KYN level remains unaltered. Spontaneous glutamatergic activity in the hippocampal samples was higher compared to
that in non-seizure controls. Treatment with kynurenine inhibited the glutamatergic activity in non-seizure control samples
but not in case of the hippocampal samples. However, exogenously applied KYNA inhibited glutamatergic activity in both
non-seizure control and hippocampal samples. We also observed reduced levels of enzyme kynurenine aminotransferase II and
its co-factor pyridoxal phosphate in the hippocampal samples. Conclusion Our findings indicate that altered metabolism of
TKP metabolites in hippocampus could contribute to hyperglutamatergic tone in patients with MTLE-HS.
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Abstract

Background and Purpose

Glutamate receptor mediated enhanced excitatory neurotransmission is typically associated with mesial
temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS). Kynurenic acid (KYNA) and quinolinic
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acid (QUIN) are two important tryptophan-kynurenine pathway (KP) metabolites that modulate gluta-
mate receptor activity. This study was designed to test the hypothesis that alteration in metabolism of KP
metabolites in the hippocampus of patients with MTLE-HS contributes to abnormal glutamatergic trans-
mission.

Experimental Approach

TKP metabolites level were determined using HPLC and LC-MS/MS in the hippocampal samples of patients
with MTLE-HS compared to autopsy and non-seizure control samples. mRNA and protein expression of TKP
enzymes were determined by qPCR and western blot. Spontaneous glutamatergic activities were recorded
from pyramidal neurons in presence of kynurenine (KYN) and KYNA using whole cell patch clamp.

Key Results

We observed significantly reduced KYNA and elevated QUIN levels in the hippocampal samples, while
KYN level remains unaltered. Spontaneous glutamatergic activity in the hippocampal samples was higher
compared to that in non-seizure controls. Treatment with kynurenine inhibited the glutamatergic activity
in non-seizure control samples but not in case of the hippocampal samples. However, exogenously applied
KYNA inhibited glutamatergic activity in both non-seizure control and hippocampal samples. We also
observed reduced levels of enzyme kynurenine aminotransferase II and its co-factor pyridoxal phosphate in
the hippocampal samples.

Conclusion

Our findings indicate that altered metabolism of TKP metabolites in hippocampus could contribute to
hyperglutamatergic tone in patients with MTLE-HS.

Key Words:

Mesial temporal lobe epilepsy, Hippocampal sclerosis, Kynurenic acid, Quinolinic acid,

Hyperexcitability, kynurenine pathway

List of abbreviations:

MTLE-HS: Mesial temporal lobe epilepsy with hippocampal sclerosis; nAChR: nicotinic acetyl choline recep-
tors; KP: tryptophan-kynurenine pathway; KYNA: kynurenic acid; KYN: L-kynurenine; TRP: Tryptophan;
IDO: indoleamine 2,3- dioxygenase; KAT II: kynurenine aminotransferase; PLP: pyridoxal phosphate; PNPO:
Pyridoxamine 5’-Phosphate Oxidase; QUIN: quinolinic acid; KMO: Kynurnine-3-monooxygenase; EPSCs:
excitatory postsynaptic currents; IPSCs: inhibitory postsynaptic currents.

Bullet point summary (15 words max)

What is already known

Kynurenine pathway metabolites are closely associated with glutamatergic excitatory synaptic activity inside
the brain.

What this study adds

• Modulation of key enzymes leads to altered levels of kynurenine metabolites in the MTLE-HS hip-
pocampus.

• Altered kynurenine pathway metabolite levels contribute to generation of enhanced glutamatergic
synaptic transmissions.

Clinical significance

• Tight association between concentration of hippocampal kynurenine pathway metabolites and excita-
tory synaptic transmission.

3
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• This will help understand regulation of glutamate receptor function in the hippocampus of MTLE-HS
patients.

Introduction

Tryptophan-kynurenine pathway (KP) is the principal route for tryptophan (TRP) metabolism. Almost
95% of TRP is directed to KP, catabolised through several “kynurenines”, and generates NAD+ as end
product (Schwarcz et al., 2012; Vécsei et al., 2013). Kynurenic acid is one of the most important neuroacti-
ve “kynurenines” which selectively inhibits glycine co-agonist site of NMDA receptors at low concentration
and a broad-spectrum antagonist of all excitatory amino receptors at high micromolecular concentration
(Perkins & Stone, 1982; Kessler et al., 1989). KYNA is known to interact directly with NMDA receptors,
which is shown to contribute to the maintenance of glutamatergic synaptic activity in pyramidal neurons
of the hippocampus (Cull-Candy et al., 2001). The inhibition of glutamatergic activity by KYNA could
also be attributed to its effect on presynaptic nicotinic acetylcholine receptors which may reduce glutamate
release (Carpenedo et al., 2001). Upon entering into TKP, TRP converts into L-kynurenine (KYN) by in-
doleamine2,3-dioxygenase (IDO) (Moroni et al., 2012). From KYN, the pathway divided into two branches.
One leads to irreversible transamination of KYN to KYNA by kynurenine aminotransferase II (KAT II)
and its co-factor pyridoxal phosphate (PLP) which is synthesized from dietary vitamin B6 by Pyridoxam-
ine 5’-Phosphate Oxidase (PNPO) (Moroni et al., 2012; Musayev et al., 2009). Through another branch,
KYN is converted into quinolinic acid (QUIN) which is an agonist of NMDA receptor and kynurnine-3-
monooxygenase (KMO) is the rate-limiting enzyme for QUIN synthesis (Schwarcz et al., 2012). Under
physiological condition QUIN/KYNA ratio is critically maintained, as any fluctuation may lead to severe
neuropathological conditions (Schwarcz et al., 2012). Fluctuation in KYNA concentration within the brain
is associated with changes in neurotransmitters concentration (Carpenedo et al., 2001; Rassoulpour et al.,
2005), and electrophysiological manifestation of epilepsy in animal models (Kamiński et al., 2003; Szyndler
et al., 2012; Maciejak et al., 2009). Reduction in the cerebrospinal fluid (CSF) KYNA level has been re-
ported in pediatric epilepsy patients (Yamamoto et al., 1994, 1995). However, increase in the level of KYNA
in mammalian brain or CSF is associated with reduction of excitatory neurotransmission (Schwarcz et al.,
2012). Alteration of KYNA and QUIN in central nervous system may constitute a common occurrence of
abnormal synaptic transmission which has a pivotal role in generation of epileptogenesis.

Mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS) is the most common substrate for
drug resistant epilepsy (DRE) (Jallon et al., 2001; Jin et al., 2015). Although origin of seizure genera-
tion are diversified, one prevailing hypothesis for hyperexcitation is the imbalance between excitatory and
inhibitory synaptic transmissions mediated by glutamate (NMDA, AMPA/kainate) and GABA receptors.
Under resting state, augmented synaptic endogenous NMDA receptor tone (Banerjee et al., 2015), differen-
tial upregulation of NR1 (de Moura et al. 2012), NR2A and NR2B subunits of this receptor, glutamatergic
network reorganisation and synchronised excitatory interconnections within hippocampus contribute towards
hyperexcitation (Banerjee et al., 2017). α7 nicotinic receptors (nAChR) also contributes to enhanced hip-
pocampal glutamatergic activity in MTLE-HS (Banerjee et al., 2020). Presently, surgical intervention which
includes anterior temporal lobectomy and amygdalo-hippocampectomy is the only available therapeutic op-
tion to achieve seizure freedom (Josephson et al., 2013; Engel, 2001). This study was designed to test the
central hypothesis that alteration in metabolism of KP pathway metabolites in the hippocampus of patients
with MTLE-HS contributes to abnormal glutamatergic transmission.

Methods

Patients

Drug resistant MTLE-HS patients (n = 55) underwent standard presurgical workups which include video elec-
troencephalogram (vEEG), epilepsy protocol MRI, interictal fluoro-2-deoxyglucose positron emission tomog-
raphy (FDG-PET), ictal single photon emissioncomputer tomography (SPECT) and magnetoencephalogra-
phy (MEG) [22]. Patient details were discussed weekly at epilepsy surgery meeting attended by epileptol-
ogists, epilepsysurgeon, neuroradiologists and nuclear-medicine specialists where patients were selected for
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surgery based on concordance of above-mentioned diagnostic procedures. Surgical resection involves anterior
temporal lobectomy with amygdalohippocampectomy. A portion of resected hippocampus was analysed by
neuropathologist for confirmation of the diagnosis of MTLE-HS. All these patients were seizure-free post-
operatively (class I Engel outcome) (Supplementary Table 1) (Engel, 1983). Resected hippocampal tissues
from patients who underwent autopsies and devoid of any history of brain pathology were collected within
12h of death and used as autopsy controls (n= 15) (Supplementary Table 2). For experiments involving
cellular electrophysiological studies resected cortical tissues obtained from surrounding areas of brain tu-
mours during surgical resection, which was also a part of planned surgical resection, in patients with glioma
without any history of seizures were considered as non-seizure controls (n = 20) molecular as autopsy control
samples were not suitable for these experiments (Supplementary Table 3) (Banerjee et al., 2015; 2017; 2020).
Samples were collected from 2015 to 2019 at the All India Institute of Medical Sciences in New Delhi, which
is the referral center for epilepsy surgery in northern India. All procedures performed in studies involving
human participants were in accordance with the ethical standards of the institutional and/or national re-
search committee and with the 1964 Helsinki Declaration and its later amendments or comparable ethical
standards.

The study was ethically approved by the Institutional Ethics Committee, All India Institute of Medical
Sciences, New Delhi, India (IECPG/-38/27.11.2015, RT-4/30.12.2015). Informed consent was obtained from
all patients or their legally authorized representatives prior to inclusion in this study.

A small portion of resected tissue was stored for fixation in 0.1M phosphate buffer containing 4%
paraformaldehyde, pH 7.4 for 72 hours. Post fixation, the tissues were dehydrated, embedded and cut
into 6μM thick sections with a microtome and collected on poly L-lysine coated slides. Haematoxylin-
eosin stained sections were used for cytoarchitecture. Immunohistochemistry was performed using with
anti-GFAP (1:1000; Cat# ab7260, RRID: AB 305808), or with anti-NeuN (1:1000; Cat# ab104225, RRID:
AB 10711153) primary antibodies. Secondary antibody was Biotinylated Goat Anti-Rabbit IgG antibody
(1:1000; Vector Laboratories Cat# BA-1000, RRID: AB 2313606)

High performance liquid chromatography (HPLC)

Quantification of metabolites tryptophan (TRP), KYN, KYNA, and PLP was performed by HPLC-
fluorescence detection.

Sample preparation : Within 5 min of resection from the brain, the tissue samples were kept in 1.0 ml of 0.1
M perchloric acid and stored at -80°C. The frozen tissues were thawed on ice, weighed and placed in 2ml cryo-
tubes. The samples were homogenised in ten volume of methanol/water (85:15, v/v), centrifuged for 15 min
at 10,000 rpm at 0°C. The supernatant was removed and stored at -80°C until the time of chromatographic
analysis.

For HPLC-fluorescence detection, reverse phase isocratic HPLC was performed (Shimadzu Prominence).
Separation of the metabolites was achieved with a C18 column (Phenomenex Luna; 250 mm length, 4.6
mm internal diameter, 100 Å pose size and 5 μm particle size). The column temperature was maintained
at 37ºC. The mobile phase, pumped at a flow rate of 1ml/min, was consisted of 50 mM acetic acid, 100
mM zinc acetate containing 3% acetonitrile (pH 4.7). Ten microliter sample volume was injected into the
system through an autosampler. The detection system was a fluorescence detector (RF 20A, Shimadzu,
Japan) with dual wavelength simultaneous monitoring capability. Excitation, emission wavelength spectra
and retention time for TRP, KYN, KYNA, and PLP were 297nm/348nm, 365nm/480nm, 344nm/404nm and
300nm/400nm (Xiao et al., 2008; Cabo et al., 2014).

Liquid chromatography–coupled tandem mass spectroscopy (LC–MS/MS)

Quantification of metabolites Quinolinic acid (QUIN), and neurotransmitters glutamate, GABA was perfor-
med by LC-MS/MS.

Sample preparation : Within the supernatant, which was used for HPLC, 100 μl extraction solvent containing
0.1 M formic acid was added and centrifuged at 2000 rpm for 5 min at 0°C. The supernatant was again
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collected and immediately used for LC-MS/MS. One hundred sixty microliter of each sample was loaded
into a 96 well-plate and subjected for analysis using LC–MS/MS (Roy et al., 2014).

LC-MS/MS system consisted of an ultra-HPLC (Agilent 1290 II) coupled to an Applied Bio systems API
4000 QTRAP triple quadrupole mass spectrometer (ABSciex). HPLC separation was achieved with a Waters
Acquity UPLC BEH C18 column (50 mm length, 2.1 mm internal diameter, 130 Å pose size and 1.7 μm
particle size). The column temperature was maintained at 25°C. The mobile phase, pumped at 0.2 mL/min,
was consisted of methanol (eluent A) and 0.05% (v/v) formic acid in water with 1mM of heptafluorobutyric
acid (eluent B). The chromatographic gradient run was optimized according to the separation of analyte
peaks and their shape. The total chromatographic run time was 8 minutes for a single run. The gradient run
was started with 5% of eluent A and was maintained for 1 minute at a flow rate of 0.2 ml/min. After that it
was shifted to 100% eluent A with a flow rate of 0.4 ml/min in next 1.5 min. This condition was maintained
for the next 3 min and after that first line condition was achieved in next 0.5 min and was maintained for
next 2 min. The mass spectrometer was operated in positive ionisation utilising an electro spray ionisation
(ESI) source. GABA, Glu, QUIN standards (Sigma-Aldrich, MO, USA; 100ng/ml in water) were infused
into mass spectrometer using a pump with microsyringe (Hamilton, Switzerland) at the rate of 5μl/min to
tune the MS/MS system at different transitions of those compounds. Compound and instrument dependent
parameters were optimized to get the maximum ion intensity using the inbuilt algorithm of Analyst 4.1
software. The multiple reaction monitoring (MRM) transitions of 104/87, 104/58.1 were used for GABA,
148/130, 148/84.2 for glutamate, and 121.83/77.8, 121.83/93.9 were used for QUIN. Nitrogen was used for
the collision in MRM.

Whole-cell patch clamp Electrophysiology

These experiments were performed as described earlier (Benerjee et al., 2017; 2020). Briefly, resected hip-
pocampal and non-seizure control tumour periphery tissues were placed in ice-cold, carbogenated (95% O2,
5% CO2) artificial cerebrospinal fluid (ACSF; NaCl, 125 mM; KCl, 2.5 mM; CaCl2, 2 mM; NaHCO3, 25
mM; NaH2PO4, 1.25 mM; MgCl2, 1 mM; and Glucose,25 mM.) and brought to the laboratory, followed by
350μm thick slices were prepared in a vibratome. Slices were prepared by making tangential cuts to the outer
surface of the cortical specimens and were incubated at room temperature for 30 mins and transferred to a
recording chamber which was perfused (2ml/min) with carbogenated ACSF. Normal appearing pyramidal
neurons with thick pyramid like soma and single tapering dendrite were morphologically identified visually
using Infrared-assisted video-microscopy with differential interference contrast (IR-DIC). Cells on the surface
slice preparations were usually dead, so we used the pale-looking pyramidal neurons from layer III or IV for
our studies. Patch pipettes with resistance of 3-5 MΩ were filled with internal solution containing HEPES,
10 mM; MgCl2, 2 mM, Cs-methanesulfonate, 130 mM; EGTA, 10 mM; CsCl, 10 mM. Passive membrane
properties of neurons were determined by “membrane test” function of pCLAMP 10.0 software (Molecular
Devices, USA). Whole cell patch clamp recordings were performed from those pyramidal neurons using an
amplifier (Axopatch 200B, Molecular Devices, USA). Spontaneous excitatory postsynaptic currents (EPSCs)
were recorded at -70mV holding potential and spontaneous inhibitory postsynaptic currents (IPSCs) at 0mV
respectively. The access resistance were between 15-20 MΩ and change of more than 20% from this range
was not reliable and data of those neurons were discarded. The leak current during recording was between
50-150 pA. If it was more than 200 pA, the data became unreliable. All recordings were performed at room
temperature (22-24°C)

Data were analysed in pCLAMP 10.0 software. Frequency, amplitude, rise time (10-90%) and decay time
constant (τd) of the sEPSCs and sIPSCs were measured. The amplitude threshold for sEPSCs and sIPSCs
were -5pA and +10 pA respectively. All recordings were visually inspected to select events which show a steep
rising and exponential decay phase for kinetic analysis of EPSCs and IPSCs. Events that did not show the
above-mentioned rise and decay phase were not typical synaptic waveform and these were rejected manually.
Events that showed multiple peaks were excluded for kinetic analysis (rise time and decay time constant)
but included for frequency calculation as multiple events. Cumulative distribution of inter-event interval and
amplitude in non-seizure control vs MTLE-HS groups were compared using Kolmogorov-Smirnov test (K-S

6
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test).

mRNA expression analysis

Quantitative real time PCR (qPCR) was performed to estimate mRNA level expression of IDO, KAT II,
KMO, PNPO enzymes. HPRT (hypoxanthine phosphoribosyl-transferase) was used as house-keeping gene.
All experiments were performed in triplicates. Specified primers for all the genes were designed using Primer3
and BLAST (Primer3 Input version 0.4.0 and BLAST; http://www.ncbi.nlm.nih.gov/tools/primer-blast/).
For each target gene, primers were designed to target all possible transcript variants mentioned in the
reference sequence (RefSeq) database (http://www.ncbi.nlm.nih.gov/refseq). RNAs were extracted using
Trizol reagent (Qiagen RNeasy kit); quantified using Qubit 3 fluorometer (Thermo scientific) and Qubit
RNA BR assay kit. Reverse transcription was performed to create cDNA using high capacity cDNA reverse
transcription kit (Thermo scientific) according to the manufacturer’s protocol. qPCR was performed with
cDNA, suitable primers using SsoFast Eva Green Supermix (Bio-Rad) on a CFX-96 real time system (Bio-
Rad). The cycle parameter was: 5mins at 95ºC for initial hot-start, followed by 40 cycles of 15secs at 95ºC
for denaturation and 30secs at 60ºC for annealing and extension. Specificity of the expected PCR products
were verified using melting-curve analysis. CTvalues (cycle threshold) were obtained for individual samples
and delta CT (ΔCT) were calculated by subtracting the CT values of house-keeping gene (HPRT) from that
of the gene of interests. These ΔCT values were used to compare extent of the mRNA expression between
the two groups where mRNA expression was inversely proportional to the ΔCT value (Livak & Schmittgen,
2001). The primer sequences were: for HPRT-F, 5’-GCTTTCCTTGGTCAGGCAGTA-3’, for HPRT-R,
5’-GGTCCTTTTCACCAGCAAGCT-3’, for IDO-F, 5’-GCGCTGTTGGAAATAGCTTC-3’, for IDO-R, 5’-
TGATCGTGGATTTGGTGAAA-3’, for KATII-F, 5’-TTAATGCTCCCTGGAAATGC-3’, for KATII-R, 5’-
GAAGGCCACATCCATCTGTT-3’, for KMO-F, 5’-CACTGTGTACTGCTGGGAGA-3’, for KMO-R, 5’-
ATCGCGTGATCATCTGGGAT-3’, for PNPO-F, 5’-ACCCAGGCCCTTCTTTCTAA-3’, and for PNPO-R,
5’-TACGCCACCATTACACTCCA-3’.

Protein expression analysis

Protein isolation: For total protein extraction, hippocampal and cortical samples were homogenized in RIPA
buffer (150 mM NaCl, 20 mM Tris-HCl, 1mM EGTA, 1mM Na2EDTA, 1%sodium deoxycholate, 1% NP-40,
pH 7.4) supplemented with 1% protease inhibitor cocktail, 1 mM phenylmethylsulfonyl fluoride (PMSF),
10 mM sodium fluoride (NaF), and 2 mM sodium orthovanadate (Na3VO4) (Sigma aldrich). The samples
were centrifuged twice for 15 min each at 15,000 rpm at 0°C. The supernatant was removed and the protein
concentration was determined using Bicinchoninic Acid Assay (BCA) kit (Pierce) and a microplate reader
at 562 nm (Bio-Rad).

Western blot : The immuno-related procedures used comply with the recommendations made by the British
Journal of Pharmacology (Alexander et al., 2018). Equal amount of proteins was loaded along with dual
colour ladder (Bio-Rad) on 12-15% polyacrylamide gels and transferred onto Polyvinylidene fluoride (PVDF)
membranes. Membranes were blocked with 3% bovine serum albumin in phosphate buffered saline with 0.1%
tween-20 for 2 hrs at room temperature; followed by primary antibodies incubation including human anti-
KAT II (1:700; abcam Cat# ab83918, RRID: AB 2219600), human anti-KMO (1:700; abcam Cat# ab130959,
RRID: AB 11156090), human anti-PNPO (1:1000; Cat# ab83875, RRID: AB 1861751) diluted in phosphate
buffered saline with 0.1% tween-20 for 4oC overnight and subsequently HRP conjugated secondary antibodies
incubation (1:1000, Santa Cruz Cat# sc-2004, RRID: AB 631746) diluted in same buffer for 2 hrs at room
temperature. Chemiluminescence signals were generated using Super Signal West Pico Chemiluminescent
Substrate (Thermo Scientific) and images were captured on a Bio-Rad Chemi Doc MP system. Band
intensities were quantified by ImageJ software. Protein expressions were normalised with respect to loading
control glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

ELISA: Protein expression of Indoleamine 2,3-dioxygenase (IDO) enzyme was performed by ELISA using
commercially available kits (Catalogue number: DY6030-05, R & D Systems, USA) according to manu-
facturers’ instruction. The experiment was performed in triplicates. Optical density was determined in
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a multimode reader (Synergy HTX, Biotek, USA) at 450 nm and wavelength was corrected as 540 nm
(Nurnberger et al., 2019).

Group size, Data and Statistical analysis

There is no prior study regarding the role of kynurenine pathway metabolites on glutamate receptor mediated
neurotransmission in MTLE-HS patients. In the present study, it is not possible to calculate the sample
size as there is no prior reports. It is well established that 30% of patients with MTLE-HS are drug
resistant (Kwan et al., 2010). Based on this fact, we have collected resected hippocampal samples from
55 drug resistant MTLE-HS patients underwent surgical intervention from seizure freedom over a period of
4 years from 2015 to 2019. Here we have used n=6 as minimum number of repetitions required to have
> 95% possibility (p<0.05) to detect. This sample size satisfies the guidelines of the British Journal of
Pharmacology for preclinical studies, where n refers to independent values and not replicates (available at:
https://bpspubs.onlinelibrary.wiley.com/hub/journal/14765381/author-guidelines.html).

We have complied with the recommendations of the British Journal of Pharmacology on experimental design
and analysis in pharmacology (Curtis et al., 2018). Statistical analyses were performed on Sigma Plot 13.0
(RRID: SCR 003210) and GraphPad Prism 6.0 software (RRID: SCR 002798). When normal distribution
and equal-variance were valid, statistical significance between two groups were evaluated by two tailed un-
paired t-test otherwise Mann Whitney test was used for evaluation and between more than two groups by
Kruskal-Wallis non-parametric ANOVA followed by multiple comparison with Dunn’s test was performed.
Cumulative distribution of electrophysiological data was analysed by Kolmogorov–Smirnov test. The corre-
lation between duration of seizure and concentration of metabolites was performed using Spearman’s rank
correlation test. The least squares method was used to plot the best fit line and to predict the behaviour of
dependent variables (KYNA, PLP, and QUIN). The goodness of fit was calculated through R2. The overall
significance (P value) was calculated by F-test. Data were presented as a mean +- SEM. P < 0.05 was
considered significant.

Materials

All standard compounds for HPLC and LC-MS/MS as well as all reagents for patch clamp were purchased
from Sigma Aldrich (St. Louis, MO, USA). All primary antibodies in western blot experiment were purchased
from Abcam (Cambridge, UK) and secondary antibody was purchased from Santa Cruz (USA).

Results

Histopathological examinations revealed evidence of hippocampal sclerosis

Haematoxylin-Eosin staining of the hippocampal sections obtained from patients with MTLE-HS revealed
typical sclerotic hippocampus consists of massive cell loss, cystic cavities, neuronal degeneration, gliosis and
infiltration of inflammatory cells (Figure 1a). The NeuN immunohistochemistry confirms pyramidal neuron
loss, presence of ischemic neurons and abnormal neuronal architecture (Figure 1b). Another hallmark of
the hippocampal sclerosis is reactive astrogliosis with hypertrophic astrocytes manifesting distinctive GFAP
staining and thick, long projections (Figure 1c). In autopsy control tissue sections, negligible neuronal loss
was observed (Figure 1d and e). The GFAP immunohistochemistry did not reveal any reactive astrogliosis
(Figure 1f). These data suggested that architectural alterations like, pyramidal cell apoptosis, necrosis and
reactive astrogliosis were observed in the hippocampal samples of the MTLE-HS patients.

Tryptophan-kynurenine pathway metabolite levels were altered in MTLE-HS

We have also quantified the TKP metabolites namely TRP, KYN, KYNA, QUIN and neurotransmitters
glutamate and GABA in tissues obtained from the surgically resected hippocampal samples obtained from
patients with MTLE-HS and compared it with autopsy control hippocampus tissues. The concentration
of TRP was significantly reduced (Figure 2a) in the hippocampal samples. Although KYN concentration
was not significantly altered (Figure 2b), but that of KYNA was significantly reduced in the hippocampal
samples (Figure 2d). The tryptophan kynurenine ratio was also significantly reduced in the hippocampal
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samples (Figure 2c). The concentration of QUIN was significantly enhanced in the hippocampal samples
(Figure 2e). The ratio of QUIN and KYNA was also significantly enhanced in the hippocampal samples
(Figure 2f). The concentration of glutamate (Figure 2g), GABA (Figure 2h) and glutamate GABA ratio
(Figure 2i), neither of those was significantly altered between the two groups.

To investigate the de novo synthesis pattern of KYNA and QUIN in tissues, 300 μM thick slices were prepared
from the surgically resected hippocampus tissues and tumour periphery non-seizure control tissues, incubated
in ACSF (artificial cerebrospinal fluid) containing 200 μM KYN (saturating concentration), precursor of
both KYNA and QUIN, and incubated at 30°C in a water bath for 2 hours (Turski et al., 1989). At the
end of the incubation period, the ACSF was aliquoted; KYNA and QUIN were estimated by HPLC and
LC-MS/MS respectively. We observed a similar pattern of results as earlier. The de novo synthesis of KYNA
was significantly reduced in the hippocampal samples obtained from patients with MTLE-HS (Figure 2j).
Similarly, the de novo synthesis of QUIN was significantly enhanced in the hippocampal samples obtained
from patients with MTLE-HS (Figure 2k).

Enhanced spontaneous glutamatergic activity in the hippocampal samples obtained from pa-
tients with MTLE-HS

For all the electrophysiological experiments, we have used tumour periphery non-seizure control tissues for
comparing with hippocampal samples obtained from patients with MTLE-HS. Passive membrane properties
of pyramidal neurons in slice preparation obtained from hippocampal samples of patients with MTLE-HS
and that of tumour periphery non-seizure controls were comparable (Cell capacitance 163 ± 16pF in non-
seizure control vs 171 ± 21pF in MTLE-HS; input resistance 148 ± 23MΩ in non-seizure control vs 157 ±
27MΩ in MTLE-HS). We recorded spontaneous excitatory postsynaptic currents (EPSCs) from pyramidal
neurons at -70 mV holding potential under whole-cell voltage clamp configuration in 300 μM thick slice
preparations obtained from the MTLE-HS and non-seizure control groups. These glutamatergic events were
inward currents which were completely abolished following 10 minutes bath perfusion of the slices with
ACSF containing NMDA receptor antagonist APV (50 μM) and AMPA receptor antagonist CNQX (10 μM),
implying that these events were mediated by both NMDA and AMPA/kainate receptors (Figure 3a). These
events were unaffected by bath perfusion with GABAA receptor antagonist bicuculline (10 μM), indicating
that the resting state spontaneous glutamatergic activity was independent of GABAergic influence, in these
slice preparations. The frequency and amplitude of the spontaneous EPSCs were significantly increased in
the hippocampal samples (Table 1). The normalised cumulative distribution of inter-event intervals shifted
significantly to left side, whereas that of peak amplitudes shifted significantly to right side in the hippocampal
samples (Figure 3b and c). However, Rise time and τd was not affected (Table 1). These findings suggested
that resting state glutamatergic activity was enhanced in the hippocampal samples of the MTLE-HS patients.

We recorded the spontaneous inhibitory postsynaptic currents (IPSCs) at 0 mV from the pyramidal neurons
in the slice preparations of resected brain specimens obtained from patients with MTLE-HS and non-seizure
controls. The spontaneous IPSCs were completely blocked following 15 minutes bath perfusion of those
slices with ACSF containing bicuculline (10 μM; Figure 3d). However, we did not observe any significant
alteration in the frequency as well as amplitude of IPSCs between the two groups (Table 1). The cumulative
distribution of inter-event intervals as well as peak amplitudes remain unchanged (Figure 3e and f). Then
we calculated the ratio of frequency and amplitude of glutamatergic-GABAergic activities in a cohort of
neurons where EPSCs and IPSCs were recorded from the same neuron. We found that the ratio of frequency
as well as amplitude were significantly increased in the hippocampal samples (control, n=5; MTLE-HS, n=5;
frequency ratio 0.39 ± 0.015 in non-seizure control vs 0.62 ± 0.010 in MTLE-HS; amplitude ratio 0.53 ±
0.014 in non-seizure control vs 0.71 ± 0.21 in MTLE-HS; Figure 3g).

Reduced endogenous synthesis of KYNA may cause enhanced glutamatergic activity in MTLE-
HS

To investigate the role of the endogenously synthesized KYNA on glutamatergic neurotransmission, the tissue
slices obtained from patients with MTLE-HS and non-seizure controls were incubated in well carbogenated
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(95% O2 + 5% CO2) ACSF containing 200 μM KYN (precursor for KYNA) for around 60 mins and then
EPSCs were recorded from the pyramidal neurons using the same solution as perfusate for 25 mins (total 85
mins). The reason behind the incubation with KYN was that, it will provide adequate time to synthesize
sufficient amount of KYNA which will suppress the glutamatergic events. In the non-seizure control group
(n=6), frequency and amplitude of the spontaneous EPSCs were significantly reduced after incubation with
200 μM KYN in comparison to those of basal values (Table 1). The cumulative distribution of inter-event
intervals displaced toward longer interval while that of peak amplitudes displaced toward shorter amplitude
(Figure 4b and c). Rise time and τdwas not affected (Table 1). In case of the hippocampal samples of
the MTLE-HS patients (n=16), the frequency as well as the amplitude of the spontaneous EPSCs were not
significantly altered after incubation with 200 μM KYN in comparison to those of basal values (Table 1).
The cumulative distribution of inter-event intervals as well as peak amplitudes remain unchanged (Figure
4e and f). Rise time and τd was not affected (Table 1). The magnitude of the percentage reduction of the
frequency was significantly reduced in the hippocampal samples in comparison to the non-epileptic controls
(51.9± 1.56% in non-epileptic control vs 4.6 ± 0.84% in MTLE-HS; Figure 4g). This result was consistent
with above mentioned results that in the hippocampal samples of the MTLE-HS patients, sufficient amount
of KYNA is not synthesized from its precursor KYN de novo and consequently enhanced glutamatergic
activity was observed.

Exogenously applied KYNA suppressed spontaneous glutamatergic activity in the hippocam-
pal samples obtained from patients with MTLE-HS

To investigate the role of exogenously applied KYNA on glutamatergic neurotransmission, the tissue slices of
the above-mentioned groups were perfused with 10 μM KYNA for 30 mins. The frequency and amplitude were
significantly reduced after 30 mins perfusion of KYNA in comparison to those of basal values in both groups
(Table 1). The cumulative distribution of inter-event intervals displaced toward longer interval and that of
peak amplitudes displaced towards shorter amplitude (Figure 5b, c and e, f). However, Rise time and τd was
not affected (Table 1). The magnitude of percentage reduction of the frequency was significantly enhanced
in the hippocampal samples in comparison to the non-seizure controls (16.34± 0.92% in non-seizure control
vs 30.72 ± 1.87% in MTLE-HS; Figure 5g). At low micro molecular concentration, KYNA predominantly
exerts inhibition through NMDA receptors; but in the present scenario, inhibitory action of KYNA was
significantly enhanced in case of MTLE-HS which may be due to upregulation of NMDA receptors. Now, to
investigate the contribution of inhibitory action of KYNA mediated through the NMDA receptors, the slices
were perfused with 50μM APV alone for 10 mins which blocked only NMDA receptors. APV suppressed
the frequency by 42.83 ± 2.26% in the non-seizure controls and 58.17 ± 2.06% in the MTLE-HS group
respectively (Figure 5h and i) with a significant difference between the two groups suggesting the role of
enhanced tonic NMDA receptor activity in altered synaptic transmission in the hippocampal samples of the
MTLE-HS patients. For KYNA, the magnitude of reduction of the frequency was significantly reduced than
that of APV (Figure 5j), suggesting that although its primary target are NMDA receptors, but it also has
some target sites which are different from it.

Reduced endogenous KYNA synthesis was due to altered levels of KAT II and PLP

From the above experiments, it was evident that endogenous KYNA synthesis was reduced and QUIN
synthesis was elevated in the hippocampal samples obtained from patients with MTLE-HS which could be
attributed to the dysfunctional machinery responsible for synthesis of those. KYNA is synthesized from KYN
in presence of enzyme KAT II. To address whether the altered expression of this enzyme was correlated with
the reduced synthesis of its product, we investigated its mRNA and protein expression by quantitative reverse
transcriptase polymerase chain reaction (qPCR) and western blotting respectively. We found no alteration
of mRNA expression in the hippocampal samples (Figure 6a). However, protein expression was significantly
downregulated in the hippocampal samples (Figure 6b). However, the magnitude of this reduction was
not proportional to that of reduction in concentration of KYNA. Given the fact that function of KAT II
depends on the co-factor PLP, we estimated its concentration by HPLC and found that the concentration
of PLP was significantly reduced in the hippocampal samples (Figure 6g). Then we investigated mRNA and
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protein expression of the enzyme PNPO which synthesizes PLP from pyridoxine. We found that both mRNA
(Figure 6h) as well as protein expression of this enzyme (Figure 6i) were significantly downregulated in the
hippocampal samples.

We investigated the expression profile of IDO, the rate-limiting enzyme for TRP to KYN conversion. Both
mRNA (Figure 6c) as well as protein level expression (Figure 6d) were significantly upregulated in the
hippocampal samples. We focused on the rate-limiting enzyme for QUIN synthesis which is KMO because
as per our results, concentration of QUIN was higher in the hippocampal samples. Both mRNA (Figure 6e)
as well as protein expression (Figure 6f) were not significantly altered in the hippocampal samples.

The concentration of metabolites in the hippocampal samples was correlated with seizure
duration of patients with MTLE-HS

To investigate whether there was any correlation between the concentration of TKP metabolites (KYNA and
its de novo synthesis, QUIN and its de novo synthesis, PLP) and total duration of seizure (duration between
age of seizure onset and age of surgery as all patients achieve seizure freedom of Engel class I following
surgery), we examined the concentration of each metabolite and it’s de novosynthesis of each patient and
correlated it with duration of seizure using non-parametric Spearman’s correlation test. We observed that
the concentration of KYNA (Figure 7a) and its de novo synthesis (Figure 7b) were inversely correlated with
the duration of seizure. The concentration of PLP was also inversely correlated with the duration of seizure
(Figure 7e). Although the concentration of QUIN was correlated with the duration of seizure (Figure 7c)
but we could not observe any correlation between de novo synthesis of QUIN and the duration of seizure
(Figure 7d).

Discussion

The present results demonstrate that (i) endogenous synthesis of KYNA, a glutamate receptor inhibitor, was
lowered in the hippocampal samples obtained from patients with MTLE-HS, possibly due to reduced levels
of the enzyme KAT II and its co-factor PLP. (ii) Reduced endogenous KYNA levels may contribute to the
maintenance of enhanced synaptic glutamatergic activity on to the pyramidal neurons in slice preparations
of the resected hippocampal samples obtained from patients with MTLE-HS. (iii) Under resting conditions,
the effect of the reduced endogenous KYNA levels could be attributed to both pre- as well as post-synaptic
regulation of glutamatergic activity. (iv) Endogenous synthesis of QUIN was elevated in the hippocampal
samples obtained from patients with MTLE-HS. These concepts can help explain the potential contribution
of TKP metabolites to hyperexcitability associated with MTLE-HS.

Reduction in endogenous KYNA synthesis contributes to the hyperexcitability in MTLE-HS

Astrocyte-neuron interaction play a crucial role in the regulation of glutamatergic activity. One of the
regulation mechanisms is the conversion of KYN to KYNA in astrocytes which inhibits glutamate receptor-
mediated synaptic transmission on to neurons (Moroni et al., 2012). Pyridoxine and PNPO has long history
with epilepsy treatment (Watanabe, 1995; Ito et al., 2000; Kuo and Wang, 2002; Jaeger et al., 2016). We
observed that the mRNA and protein expression of the PNPO enzyme were significantly downregulated in
MTLE-HS patients leading to reduced PLP synthesis (Figure 7g, h, i). Taken together, reduction in both
KAT II expression as well as its co-factor PLP might be affectingde novo synthesis of KYNA from KYN. Our
observation that tissue slices incubated with saturating concentration of KYN (200μM) showed negligible
change in the frequency and amplitude of spontaneous EPSCs in the hippocampal samples of patients with
MTLE-HS compared to that in non-seizure control samples(Figure 4e) can be attributed to both presynaptic
as well as postsynaptic glutamatergic activity. KYNA inhibits action potential dependent spontaneous
glutamatergic activities (Banerjee et al., 2012) and reduction of endogenous KYNA synthesis enhances
hippocampal extracellular glutamate release as evidenced in animal models (Pocivavsek et al., 2011; Potter
et al., 2010). Further experiments involving isolation of miniature EPSCs in the presence of KYNA may
further help us understand the regulation of glutamatergic activity by quantal currents in the hippocampal
samples obtained from patients with MTLE-HS. We suspect that the amount of KYNA synthesizedde novo
in the hippocampal samples was less than IC50 value of KYNA for α7 nAChR (1-8 μM) (Hilmas et al.,

11



P
os

te
d

on
A

u
th

or
ea

28
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

13
35

03
.3

96
07

47
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

2001) and glycine site of NMDA receptor (10-30μM) (Parsons et al., 1997). Consequently, presynaptic α7
nAChR dependent glutamate release was not regulated and action potential dependent presynaptic inputs
were enhanced, leading to increase in the frequency of sEPSCs (Banerjee et al., 2020). The postsynaptic
NMDA receptors were upregulated and functionally hyperactive in MTLE-HS hippocampus (Banerjee et al.,
2017). As, postsynaptic glycine sites of NMDA receptors were also not competitively inhibited by KYNA,
the amplitude of spontaneous EPSCs was also increased. Future studies involving incubating the brain slices
with either the KAT II or PLP or PLP synthesizing enzyme PNPO will be beneficial to prove the central
hypothesis more accurately by assessing the extent of recovery of KYNA synthesis in MTLE-HS.

We could not see significant alterations in GABAergic activities under resting state. This suggests that,
under resting conditions, hyperexcitatory activities were primarily mediated by glutamate receptors in the
hippocampal samples. Moreover, these MTLE-HS patients were on AEDs (Supplementary table 1), most of
which are GABAA receptor modulators, may have compensated for the altered GABAergic activity in the
hippocampal samples.

Endogenous QUIN synthesis was elevated

Our findings suggested increased expression and functional activity of IDO enzyme in the hippocampal
samples (Figure 6c and d). Reduction in TRP/KYN ratio (Figure 2c) is suggestive of increased functional
activity of IDO in those samples. We observed that with increase in duration of seizure, concentration
of PLP was gradually decreases due to downregulation of PNPO. Consequently, due to less availability of
PLP and downregulation of KAT II, concentration of KYNA gradually decreases with increase in duration
of seizure. As synthesis of KYNA decreases, availability of substrate (KYN) increases with time. It is
possible that due to this reason, in spite of unaltered expression of KMO, concentration of QUIN gradually
increases with increase in duration of seizure. This suggests that in patients with MTLE-HS, increase in
duration of seizures may redirect the kynurenine pathway towards reduced KYNA synthesis and increased
QUIN synthesis which could contribute to enhanced glutamatergic synaptic transmission. An increase in
QUIN/KYNA ratio causes hyperexcitation, excitotoxicity, astrogliosis and decrease in neuronal viability
as evident from our histopathological findings (Figure 1a, b, c). Under physiological condition, astrocytes
contain enzymes for degradation of QUIN, but during brain inflammation reactive astrocytes produce KYN
which translocate to resident activated microglia or infiltrating macrophages to serve as substrate for QUIN
synthesis (Guillemin et al., 2001). It has been shown that infusion of KYN in the pyriform cortex of chronic
epileptic rats corresponds to progressive decline in extracellular KYNA concentration after achieving peak
concentration, which is speculated to be due to downregulation of KAT in reactive astrocytes (Wu et al.,
1991). In the present study, it is possible that reactive astrocytes/astrogliosis in the hippocampal samples
(Figure 1C) not only associate with downregulation of KAT II enzyme (Figure 6a and b) but also facilitate
synthesis of QUIN from microglia/macrophages in lieu of KYNA which ultimately contribute to glutamate
receptor mediated hyperexcitability.

Clinical significance of altered kynurenine metabolism and enhanced glutamatergic activity in
MTLE-HS

As KYNA modulates the hippocampal extracellular glutamate release through α7 nAChR (Carpenedo et
al., 2001), it is possible that exogenously applied KYNA prevented presynaptic action potential-dependent
glutamate release causing reduction in frequency of spontaneous EPSCs recorded from pyramidal neurons in
resected hippocampal samples (Fig. 5E). As KYNA competitively inhibits postsynaptic glycine binding site
of the NMDA receptors and NMDA receptor levels are high in patients with MTLE-HS, exogenous application
of KYNA may increase its binding to postsynaptic NMDA receptors causing reduction in amplitude of
spontaneous EPSCs (Figure 5e). In addition, we also observed that the magnitude of reduction of frequency
of spontaneous EPSCs by KYNA in MTLE-HS was significantly less than that caused by specific NMDA
receptor antagonist, APV (Figure 5i). This might suggests that, besides NMDA receptors, KYNA may have
some other targets like GPR35 (Alkondon et al., 2015), aryl hydrocarbon receptors (DiNatale et al., 2010)
or some other unknown sites; but their role in MTLE-HS is not known and needs further investigations.
Moreover, future experiments involving comparison between KYNA and APV co-perfusion and KYNA or
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APV alone can further help to understand the presence of a cumulative or occlusive effect of these antagonists
on NMDA receptor activity. Increase in endogenous QUIN level in hippocampal samples also contributes to
glutamate receptor mediated hyperexcitability. QUIN binds with postsynaptic NMDA receptors which are
upregulated and render those functionally hyperactive. It is tempting to speculate that decreased KYNA
levels as well as increased QUIN levels in the hippocampus and hyperglutamatergic tone may contribute to
seizure generation in patients with MTLE-HS.

The primary limitation for this human study is use of tumour periphery samples obtained from patients
with low-grade gliomas as non-seizure control, as ethically it was not possible to get healthy hippocampal
samples. The cell type variation, cell-specific expression pattern and subtype differences of glutamate recep-
tors between the MTLE-HS samples and non-seizure control samples could also contribute to the changes
observed in the frequency and amplitude of spontaneous EPSCs. Although previous studies have used sam-
ples obtained from non-MTLE patients for comparison with MTLE-HS samples, we believe that epileptic
samples obtained from patients with non-MTLE (but DRE) could also have their own limitations as “con-
trol” as those tissues will also possess, the epilepsy related abnormalities which may significantly affect the
comparative results of synaptic transmission between the two groups. In addition, it was not possible to
obtain age and gender matched non-seizure control specimens for this study. All the patients recruited in this
study were on a combination of anti-epileptic drugs (supplementary table 1), so the effect of these drugs on
glutamatergic/GABAergic activity recorded from the pyramidal neurons of resected hippocampal samples
cannot be ruled out.

Conclusions

Our findings suggest tight association between concentration of hippocampal kynurenine pathway metabolites
and excitatory synaptic transmission and duration of seizure in patients with MTLE-HS. This will help
understand regulation of glutamate receptor function in the hippocampus of patients with MTLE-HS.
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Table 1. Characteristics of PSCs (frequency, amplitude, rise time, decay time constant) recorded from
pyramidal neurons in non-seizure controls and hippocampal samples obtained from patients with MTLE-
HS.

Parameters Non-seizure Control (n=8) MTLE-HS (n=9)

Spontaneous EPSCs Spontaneous EPSCs Spontaneous EPSCs
Frequency (Hz) 0.68 ± 0.01 0.98 ± 0.04***
Amplitude (pA) 12.05 ± 0.16 15.07 ± 0.38**
Rise time (ms) 1.9 ± 0.7 2.0 ± 0.6
Decay time constant (τd, ms) 9.6 ± 1.4 9.4 ± 0.9
Spontaneous IPSCs Spontaneous IPSCs Spontaneous IPSCs
Frequency (Hz) 1.76 ± 0.04 1.73 ± 0.05
Amplitude (pA) 22.86 ± 0.41 21.24 ± 0.48
Rise time (ms) 2.9 ± 0.7 2.8 ± 0.4
Decay time constant (τd, ms) 32.4 ± 3.8 33.1 ± 1.5
Σποντανεους ΕΠΣ῝ς αφτερ ινςυβατιον ωιτη 200μΜ κψνυρενινε (ΚΨΝ) Σποντανεους ΕΠΣ῝ς αφτερ ινςυβατιον ωιτη 200μΜ κψνυρενινε (ΚΨΝ) Σποντανεους ΕΠΣ῝ς αφτερ ινςυβατιον ωιτη 200μΜ κψνυρενινε (ΚΨΝ)

Non-seizure Control (n=6) ὃντρολ 200 μΜ ΚΨΝ (ν=6)

Frequency (Hz) 0.67 ± 0.02 0.33 ± 0.01***
Amplitude (pA) 12.53 ± 0.23 7.86 ± 0.20***
Rise time (ms) 2.0 ± 0.3 2.1 ± 0.5
Decay time constant (τd, ms) 9.3 ± 1.2 9.4 ± 1.8

MTLE-HS (n=16) ΜΤΛΕ-ΗΣ 200 μΜ ΚΨΝ (ν=16)

Frequency (Hz) 1.00 ± 0.07 0.97 ± 0.13
Amplitude (pA) 15.39 ± 0.20 14.99 ± 0.22
Rise time (ms) 2.2 ± 0.3 2.3 ± 0.9
Decay time constant (τd, ms) 9.0 ± 1.1 9.1 ± 1.8
Σποντανεους ΕΠΣ῝ς αφτερ περφυσιον ωιτη 10μΜ κψνυρενις αςιδ (ΚΨΝΑ) Σποντανεους ΕΠΣ῝ς αφτερ περφυσιον ωιτη 10μΜ κψνυρενις αςιδ (ΚΨΝΑ) Σποντανεους ΕΠΣ῝ς αφτερ περφυσιον ωιτη 10μΜ κψνυρενις αςιδ (ΚΨΝΑ)

Non-seizure Control (n=6) ὃντρολ 10 μΜ ΚΨΝΑ (ν=6)

Frequency (Hz) 0.65 ± 0.05 0.54 ± 0.02***
Amplitude (pA) 12.51 ± 0.26 10.23 ± 0.24***
Rise time (ms) 1.9 ± 0.7 1.9 ± 0.4
Decay time constant (τd, ms) 9.7 ± 1.4 9.5 ± 2.0

MTLE-HS (n=10) ΜΤΛΕ-ΗΣ 10 μΜ ΚΨΝΑ (ν=10)

Frequency (Hz) 1.06 ± 0.09 0.73 ± 0.02***
Amplitude (pA) 16.29 ± 0.30 12.06 ± 0.29***
Rise time (ms) 2.0 ± 0.6 2.3 ± 0.7
Decay time constant (τd, ms) 9.6 ± 0.8 9.4 ± 0.9
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Data are presented as a mean ± SEM. **P<0.01, ***P<0.001. Two tailed unpaired T-test/ Mann Whitney
Test

Figure Legends

Figure 1: Histology and immunohistochemistry reveal features of hippocampal sclerosis. Photo-
micrographs showing histology of the MTLE-HS hippocampal samples and non-seizure control tissue sections.
Hematoxylin & Eosin stained MTLE-HS hippocampal specimens show (a) loss of neurons, (b) highlighted
by NeuN, (c) GFAP shows reactive astrogliosis (arrow heads). Autopsy control specimens show (d) no loss of
neurons in H & E stained sections, (e) supported by NeuN IHC, (f) no reactive gliosis as revealed in GFAP
IHC.

Figure 2: Quantitative estimation of tryptophan-kynurenine pathway metabolites. (a) concen-
tration of tryptophan (autopsy control, n=6, MTLE-HS, n=20; 1.068 ± 0.28 ng/mg of wet tissue in autopsy
control vs 0.086 ± 0.013 ng/mg of wet tissue in MTLE-HS), (b) concentration of kynurenine (autopsy con-
trol, n=10, MTLE-HS, n=43; 2.895 ± 1.05 ng/mg of wet tissue in autopsy control vs 1.74 ± 0.57 ng/mg of
wet tissue in MTLE-HS), (c) tryptophan kynurenine ratio (autopsy control, n=6, MTLE-HS, n=20; 1.58 ±
0.80 in autopsy control vs 0.05 ± 0.009 in MTLE-HS), (d) concentration of kynurenic acid (autopsy control,
n=10, MTLE-HS, n=43; 0.184 ± 0.046 ng/mg of wet tissue in autopsy control vs 0.0289 ± 0.0039 ng/mg
of wet tissue in MTLE-HS), (e) concentration of quinolinic acid (autopsy control, n=10, MTLE-HS, n=14;
11.67 ± 2.98 ng/mg of wet tissue in autopsy control vs 39.22 ± 9.23 ng/mg of wet tissue in MTLE-HS),
(f) quinolinic acid kynurenic acid ratio (autopsy control, n=10, MTLE-HS, n=14; 90.34 ± 28.97 in autopsy
control vs 242.0 ± 20.25 in MTLE-HS), (g) concentration of glutamate (autopsy control, n=10, MTLE-HS,
n=12; 12.08 ± 3.01 ng/μg protein in autopsy control vs 10.57 ± 4.7 ng/μg protein in MTLE-HS), (h) con-
centration of GABA (control, n=10, MTLE-HS, n=12; 1.18 ± 0.32 ng/μg protein in autopsy control vs 1.15
± 0.16 ng/μg protein in MTLE-HS), (i) glutamate GABA ratio (autopsy control, n=10, MTLE-HS, n=12;
15.34 ± 4.98 in autopsy control vs 8.46 ± 2.02 in MTLE-HS) in autopsy control samples and hippocampal
samples obtained patients with MTLE-HS. (j) Concentration ofde novo synthesis of kynurenic acid (non-
seizure control, n=18, MTLE-HS, n=26; 5.28 ± 1.13 ng/mg of wet tissue in non-seizure control vs 0.10 ± 0.03
ng/mg of wet tissue in MTLE-HS) and (k) concentration ofde novo synthesis of quinolinic acid (non-seizure
control, n=12, MTLE- MTLE-HS, n=12; 8.66 ± 2.28 ng/mg of wet tissue in non-seizure control vs 22.33 ±
7.47 ng/mg of wet tissue in MTLE-HS) in non-seizure control samples and hippocampal samples obtained
patients with MTLE-HS. Data are presented as a mean ± SEM. * denotes p<0.05, ** p<0.01, *** p<0.001.
Mann Whitney Test.

Figure 3: Spontaneous excitatory postsynaptic currents were enhanced in MTLE-HS hippo-
campal samples but spontaneous inhibitory postsynaptic currents were unaffected. (a) Sample
recordings of spontaneous EPSCs recorded from pyramidal neurons in the cortical sample obtained from
non-seizure controls. Inset shows a single EPSC event at an expanded time scale. The second trace shows
absence of any spontaneous EPSCs following perfusion of the slice with glutamate receptor antagonists APV
(50 μM) and CNQX (10 μM) for 10-min proving that these events are glutamate receptor. The bottom
trace shows sample recordings of spontaneous EPSCs recorded from pyramidal neurons in the hippocampal
sample obtained from patients with MTLE-HS. Plots represent data from eight neurons from eight patients
for non-seizure control, nine neurons from the hippocampal samples of nine MTLE-HS patients. (b) In
the hippocampal samples, cumulative distribution of inter-event interval displaced toward lower intervals
and (c) that of peak amplitude displaced towards longer amplitude. (d) Sample recordings of spontaneous
IPSCs recorded from pyramidal neurons in the cortical sample obtained from non-seizure controls and the
hippocampal samples obtained from patients with MTLE-HS. The bottom trace shows absence of any sponta-
neous IPSCs following perfusion of the slice with GABAAreceptor antagonist bicuculline (10 μM) for 10-min
proving that these events are GABAA receptor mediated. Plots represent data from five neurons from five
patients for non-seizure control, five neurons from the hippocampal samples of five MTLE-HS patients. (e)
Cumulative distribution of inter-event interval and (f) peak amplitude of the IPSCs also did not alter. (g)
Frequency and amplitude ratio of EPSC/IPSC both were significantly higher in the hippocampal samples.
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Data represented as mean ± SEM. *p<0.01, **p<0.01, ***p<0.001. Two tailed unpaired T-test/ Mann
Whitney Test.

Φιγυρε 4: Σποντανεους εξςιτατορψ ποστσψναπτις ςυρρεντς ωερε νοτ συππρεσσεδ α-

φτερ ινςυβατιον ωιτη 200 μΜ κψνυρενινε ιν τηε ηιπποςαμπαλ σαμπλες οβταινεδ φρομ

πατιεντς ωιτη ΜΤΛΕ-ΗΣ. (a) Sample recordings of spontaneous EPSCs recorded from pyramidal neu-
rons in cortical sample obtained from non-seizure controls before and after incubation with200 μM kynurenine
for 85 mins. Plots represent data from six neurons from six patients for non-seizure control. (b) Cumulative
distribution of inter-event interval displaced towards longer intervals while that of (c) peak amplitude dis-
placed towards shorter amplitude. (d) Sample recordings of spontaneous EPSCs recorded from pyramidal
neurons in hippocampus sample obtained from MTLE-HS patients without and with 200 μM kynurenine.
Plots represent data from sixteen neurons from sixteen patients for MTLE-HS. (e) Cumulative distribution
of inter-event interval and (f) peak amplitude did not displace. (g) Percentage reduction of frequency was
significantly reduced in the hippocampal samples after incubation with 200 μM kynurenine. Data represented
as mean ± SEM. ***p<0.001. Two tailed unpaired T-test/ Mann Whitney Test.

Φιγυρε 5: Σποντανεους εξςιτατορψ ποστσψναπτις ςυρρεντς ωερε συππρεσσεδ αφτερ 30

μινς οφ περφυσιον ωιτη 10 μΜ κψνυρενις αςιδ ιν τηε ηιπποςαμπαλ σαμπλες οβταινεδ

φρομ πατιεντς ωιτη ΜΤΛΕ-ΗΣ. (a) Sample recordings of spontaneous EPSCs recorded from pyrami-
dal neurons in cortical sample obtained from non-seizure controls without and with 10 μM kynurenic acid.
Plots represent data from six neurons from six patients for non-seizure control. (b) Cumulative distribution
of inter-event interval displaced towards longer intervals while that of (c) peak amplitude displaced towards
shorter amplitude. (d) Sample recordings of spontaneous EPSCs recorded from pyramidal neurons in the
hippocampus sample obtained from patients with MTLE-HS without and with 10 μM kynurenic acid. Plots
represent data from ten neurons from ten patients for MTLE-HS. (e) Cumulative distribution of inter-event
interval displaced towards longer intervals while that of (f) peak amplitude displaced towards shorter am-
plitude. (g) Percentage reduction of frequency was significantly increased in the hippocampal samples after
perfusion with 10 μM kynurenic acid. (h) Perfusion with 50 μM APV significantly reduced frequency of
spontaneous excitatory postsynaptic currents in both non-seizure controls and hippocampal samples (n=6;
0.98 ± 0.018 Hz without APV vs 0.41 ± 0.25 Hz with APV). (i) Percentage reduction of frequency was
significantly increased in the hippocampal samples after perfusion with 50 μM APV respectively. (j) Within
the hippocampal samples, percentage reduction of frequency was significantly increased after kynurenic acid
treatment in comparison to kynurenine incubation and after APV treatment in comparison to kynurenic
acid. Data represented as mean ± SEM. ***p<0.001, #p<0.05. Two tailed unpaired T-test/ Mann Whitney
Test/one way ANOVA with Dunn’s posthoc test.

Figure 6: Altered enzyme expression levels of tryptophan-kynurenine pathway contributes to
reduced KYNA levels in the hippocampal samples obtained from patients with MTLE-HS.
(a) KAT II mRNA expression did not alter significantly (autopsy control, n=6, MTLE-HS, n=12; ΔCT

1.49 ± 0.25 in autopsy control vs ΔCT 1.43 ± 0.44 in MTLE-HS) but (b) protein level expression was
significantly decreased in the hippocampal samples (autopsy control, n=8, MTLE-HS, n=10; normalised
expression 0.90 ± 0.03 in autopsy control vs normalised expression 0.76 ± 0.062 in MTLE-HS). (c) IDO
mRNA expression (autopsy control, n=6, MTLE-HS, n=10; ΔCT 11.12 ± 1.0 in autopsy control vs ΔCT

1.67 ± 0.89 in MTLE-HS) as well as (d) protein expression (autopsy control, n=8, MTLE-HS, n=10; 246.4
± 11.36 ng/ml in autopsy control vs 294.7 ± 2.77 ng/ml in MTLE-HS) both significantly increased in
the hippocampal samples. (e) KMO mRNA (autopsy control, n=6, MTLE-HS, n=12; ΔCT 7.11 ± 0.81 in
autopsy control vs ΔCT 5.95 ± 0.49 in MTLE-HS) as well as (f) protein level expression (autopsy control,
n=8, MTLE-HS, n=10; normalised expression 0.79 ± 0.073 in autopsy control vs normalised expression 0.74
± 0.049 in MTLE-HS) did not alter. (g) PLP concentration was significantly reduced in the hippocampal
samples (autopsy control, n=6, MTLE-HS, n=27; 5.03 ± 1.01 ng/mg of wet tissue in autopsy control vs 2.04
± 0.75 ng/mg of wet tissue in MTLE-HS). (h) mRNA expression of PNPO was significantly reduced in the
hippocampal samples (autopsy control, n=6, MTLE-HS, n=9; ΔCT 3.41 ± 0.43 in autopsy control vs ΔCT

5.8 ± 0.29 in MTLE-HS). (i) Protein expression of PNPO was also significantly reduced in the hippocampal
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samples (autopsy control, n=8, MTLE-HS, n=10; normalised expression 0.58 ± 0.042 in autopsy control vs
normalised expression 0.39 ± 0.045 in MTLE-HS). The Western blot images of KAT II, KMO, PNPO, and
GAPDH represent single band of KAT II at the predicted size of 50 KDa, KMO at 45 KDa, PNPO at 30
KDa and GAPDH at 37 KDa. Data represented as mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001. Mann
Whitney Test.

Figure 7: The concentration of metabolites in the hippocampal samples was correlated with
seizure duration of patients with MTLE-HS.(a) Scatterplot shows inverse correlation (sample size
40; Spearman’s non-parametric correlation, r= -0.4712, p=0.0021; line of best fit Y= -0.001385*X+0.06080,
slope= -0.001385 ± 0.0004206, R2=0.2220, F=10.84, p=0.0021) between concentration of KYNA in the
hippocampal samples obtained from patients with MTLE-HS and seizure duration (years). (b) Scatterplot
shows inverse correlation (sample size 26; Spearman’s non-parametric correlation, r= -0.6173, p=0.0008;
line of best fit Y= -0.009452*X+0.2413, slope= -0.009452 ± 0.003495, R2=0.2336, F=7.313, p=0.0124) bet-
weende novo synthesis of KYNA in the hippocampal samples obtained from patients with MTLE-HS and
seizure duration (years). (c) Scatterplot shows correlation (sample size 14; Spearman’s non-parametric corre-
lation, r= 0.5423, p=0.0476; line of best fit Y= 3.683*X-10.84, slope= 3.683 ± 1.135, R2=0.4675, F=10.53,
p=0.0070) between concentration of QUIN in the hippocampal samples obtained from patients with MTLE-
HS and seizure duration (years). (d) Scatterplot shows no significant correlation (sample size 12; Spearman’s
non-parametric correlation, r= 0.5750, p=0.0542) between de novosynthesis of QUIN in the hippocampal
samples obtained from patients with MTLE-HS and seizure duration (years). (e) Scatterplot shows inverse
correlation (sample size 29; Spearman’s non-parametric correlation, r= -0.4647, p=0.0111; line of best fit
Y= -0.04474*X+1.880, slope= -0.04474 ± 0.01921, R2=0.1673, F=5.425, p=0.0276) between concentration
of PLP in the hippocampal samples obtained from patients with MTLE-HS and seizure duration (years).
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