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A B S T R A C T   

Leucine-rich glioma-inactivated 1 (LGI1) was identified as a causative gene of autosomal dominant 
lateral temporal lobe epilepsy. We previously reported that Lgi1-mutant rats carrying a missense 
mutation (L385R) showed audiogenic seizure-susceptibility. To explore the pathophysiological 
mechanisms underlying Lgi1-related epilepsy, we evaluated changes in glutamate and GABA 
release in Lgi1-mutant rats. Acoustic priming (AP) for audiogenic seizure-susceptibility was 
performed by applying intense sound stimulation (130 dB, 10 kHz, 5 min) on postnatal day 16. 
Extracellular glutamate and GABA levels in the hippocampus CA1 region were evaluated at 8 
weeks of age, using in vivo microdialysis techniques. Under naïve conditions without AP, gluta-
mate and GABA release evoked by high-K+ depolarization was more prominent in Lgi1-mutant 
than in wild-type (WT) rats. The AP treatment on day 16 significantly increased basal glutamate 
levels and depolarization-induced glutamate release both in Lgi1-mutant and WT rats, yielding 
greater depolarization-induced glutamate release in Lgi1-mutant rats. On the other hand, the AP 
treatment enhanced depolarization-induced GABA release only in WT rats, and not in Lgi1-mutant 
rats, illustrating reduced GABAergic neurotransmission in primed Lgi1-mutant rats. The present 
results suggest that enhanced glutamatergic and reduced GABAergic neurotransmission are 
involved in the audiogenic seizure-susceptibility associated with Lgi1-mutation.   

1. Introduction 

Epilepsy is a chronic disease characterized by recurrent unprovoked seizures associated with neural hyperexcitation, affecting 
about 1% of the population worldwide [1]. Although epilepsy-related mutations are often located in genes of ion channels and 
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ligand-gated channels, diverse pathogenic mutations in genes encoding non-ion channel proteins have also been identified [2]. Among 
them, heterozygous mutations of Leucine-rich glioma-inactivated 1 (LGI1) were first reported to cause autosomal dominant lateral 
temporal lobe epilepsy (ADLTE, OMIM 600512), an inherited epileptic syndrome characterized by partial seizures with predominant 
auditory symptoms (e.g., auditory auras and seizure-susceptibility to specific sounds) [3–5]. 

Lgi1 is a neural secreted protein highly expressed in the central nervous system, especially in the hippocampus and neocortex [6]. 
Lgi1 interacts with a disintegrin and metalloproteinase (ADAM) family (e.g., ADAM22 and ADAM23) and post synaptic density protein 
95 (PSD-95), and this interaction regulates the function of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type 
glutamate receptors and voltage-gated K+ (Kv) 1.1 channels in synapses [7–11]. Moreover, auto-antibodies against LGI1 have been 
detected in patients with autoimmune limbic encephalitis presenting with frequent seizures and memory deficits [12–14]. However, 
the mechanisms underlying Lgi1-related epilepsy remain elusive. 

We previously developed a rat model that carries a missense mutation (L385R) of the Lgi1 gene with ENU (N-ethyl-N-nitrosourea) 
mutagenesis [15]. This mutation impaired Lgi1 secretion, which was similar to the most of missense mutations responsible for ADLTE 
[15]. Furthermore, the Lgi1-mutant rats showed seizure-susceptibility to sound stimuli, sharing similarity with the clinical features of 
ADLTE [15–17]. Namely, Lgi1-mutant rats, which received acoustic priming (AP) treatments (130 dB, 10 kHz, 5 min) on postnatal day 
(P) 16, showed generalized tonic-clonic seizures (GTCSs) following wild running behaviors (sensitized startle responses) by acoustic 
test stimulation (130 dB, 10 kHz, 1 min) at 8 weeks of age. However, primed wild-type (WT) rats only exhibited wild running behaviors 
with the test stimulation, but no GTCSs [15–17]. In addition, we showed that astrocytic inwardly rectifying K+ (Kir) 4.1 channels, 
which regulate the clearance mechanism of excessive extracellular K+ (spatial K+ buffering) and glutamate transport into astrocytes 
[18–20], were down-regulated in the Lgi1-mutant rats, suggesting that alterations in extracellular K+ and/or glutamate levels are 
involved in audiogenic epileptogenesis [17,21]. 

In this study, we evaluated synaptic glutamate and GABA release in the hippocampus, which expresses a high density of Lgi1 [6,22], 
using audiogenic seizure-susceptible Lgi1-mutant rats to explore the mechanisms underlying the pathogenesis of Lgi1-related epilepsy. 

2. Materials and methods 

2.1. Animals and ethical approval 

F344-Lgi1m1Kyo rats (NBRP Rat No. 0656) with a heterozygous missense mutation (L385R/+) by N-ethyl-N-nitrosourea (ENU) 
mutagenesis techniques were provided by the National BioResource Project-Rat (NBRP-Rat, http://www.anim.med.kyoto-u.ac.jp) 
[15]. The animals were bred and maintained according to the animal care methods complying with the Guide for the Care and Use of 
Laboratory Animals of the Ministry of Education, Science, Sports and Culture of Japan. All experimental procedures in this study were 
approved by the Animal Research Committee of Kyoto University and Osaka Medical and Pharmaceutical University (formerly Osaka 
University of Pharmaceutical Sciences). Only male animals were used for neurotransmission analyses. 

2.2. Genotyping 

F344-Lgi1m1Kyo rats were mated with their WT littermates. DNA extracted from blood samples of rats on P15 was used for geno-
typing using a PCR-restriction fragment length polymorphism technique, as described previously [17]. Briefly, exon 8 including the 
mutation site was amplified by PCR using the Ampdirect Plus PCR buffer (Shimadzu, Japan). PCR products were digested with Xsp I 
(Takara Bio, Japan) and discriminated between mutant allele and wild-type allele using conventional agarose gel electrophoresis. 

2.3. Acoustic priming (AP) treatments for audiogenic seizure generation 

AP stimulation at P16 confers audiogenic seizure susceptibility on Lgi1-mutant rats, which evokes GTCSs with test stimulation at 8 
weeks of age [17]. AP treatments for audiogenic seizure generation were performed using previously reported methods [15–17]. 
Briefly, animals were individually placed in a plastic cage (17 × 25 × 13 cm) within a larger sound-proof box and, after 1-min 
habituation, an intense AP stimulation (130 dB, 10 kHz, 5 min) was given by a loudspeaker (JBL Professional) placed centrally on 
the cover of the cage. Tone bursts were generated by a sound stimulator (DPS-725, Dia Medical System Co.) and amplified using a 
power amplifier (D75-A, Amcron). Non-primed animals were handled in the same manner described above, but no AP stimulation was 
delivered. All animals were then subjected to in vivo microdialysis studies at 8 weeks of age without receiving acoustic test stimulation. 

2.4. In vivo microdialysis 

Lgi1-mutant or WT rats at 7 weeks were anesthetized with pentobarbital (40 mg/kg, i. p.) and fixed in a stereotaxic instrument 
(Narishige, SR-6, Japan). A guide cannula was inserted into a position 1 mm above the hippocampus CA1 region (2.0 mm lateral and 
3.8 mm caudal to the bregma, and 2.0 mm deep from the cortical surface) [23] and fixed to the skull with dental cement. After a 
recovery period of about one week, animals were subjected to in vivo microdialysis study, as previously reported [24]. A dialysis probe 
(Eicom, A-I-6-01, Japan) was inserted into the hippocampus CA1 region through a guide cannula and artificial cerebrospinal fluid 
(aCSF), containing NaCl 140 mM, KCl 2.4 mM, MgCl2 1.0 mM, CaCl2 1.2 mM, and NaHCO3 5.0 mM, was perfused at a flow rate of 1.5 
μL/min using a microperfusion pump (Fig. 1A). High concentration K+ (50 mM)-containing aCSF was perfused for 60 min to evaluate 
the depolarization-induced synaptic release. The dialysate samples were collected every 10 min. After experiments, animals were 
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deeply anesthetized with an intraperitoneal injection of pentobarbital (80 mg/kg) and the brain was removed from the skull. Then, 
100-μm-thick coronal sections were prepared from each brain using a microslicer and the position of each injection site was checked. 

2.5. Quantification of glutamate and GABA with HPLC 

The dialysate samples were analyzed for glutamate and GABA levels using a HPLC-ECD system. Briefly, glutamate and GABA were 
derivatized with o-phthalaldehyde and separated on a cation exchange column (Eicom, 3.0 mm φ × 150 mm Eicompak SC-5ODS, 
Japan). The mobile phase consisted of 0.1 M phosphate buffer, 5 mg/L EDTA 2Na, pH 6.0, with 27% methanol pumped at a flow 
rate of 500 μL/min. The area under the curve for glutamate and GABA peaks were measured using eDAQ Power Chrom (eDAQ Pty Ltd., 
Australia). Extracellular glutamate and GABA values were quantified with external standard curves generated by four standard 
concentrations (10 nM, 100 nM, 1 μM, and 10 μM). 

2.6. Statistical analysis 

All data are expressed as the mean ± S.E.M. The significance of differences among multiple groups was determined by two-way 
ANOVA followed by Tukey’s post-hoc test. A P-value of less than 0.05 was considered significant. 

3. Results 

In this study, Lgi1-mutant and WT rats were divided into two groups, respectively, according to whether they received AP stim-
ulation (130 dB, 10 kHz, 5 min) on P16 as follows, non-primed Lgi1-mutant rats (n = 5), primed Lgi1-mutant rats (n = 5), non-primed 
WT rats (n = 6), and primed WT rats (n = 7). We then conducted in vivo microdialysis experiments at 8 weeks of age to evaluate 
extracellular glutamate and GABA levels in the hippocampal CA1 region (Fig. 1A). No animals were exposed to acoustic test stimu-
lation to avoid behavioral influences (e.g., wild running or seizures) on glutamate and GABA levels. 

Under naïve conditions without AP treatments, there was no difference in basal extracellular levels of glutamate or GABA between 
Lgi1-mutant and WT rats (Fig. 1B and C). However, high K+ (50 mM)-induced release of both glutamate and GABA was significantly 
enhanced in Lgi1-mutant rats. 

Treatments of animals with AP stimulation on P16 significantly elevated basal levels of glutamate both in Lgi1-mutant and WT rats 
(Fig. 2A and B). High K+-induced glutamate release was also enhanced by AP treatments in both groups (Fig. 2A and B), yielding 
greater depolarization-induced glutamate release in Lgi1-mutant rats (Fig. 2C). In contrast, AP treatments did not affect basal GABA 

Fig. 1. Schematic overview and experimental flow chart of in vivo microdialysis techniques (A). Glutamate and GABA release in the hippocampus. 
Extracellular levels of glutamate (B) and GABA (C) were compared between wild-type (WT) rats and Lgi1-mutant rats. Depolarization stimulation 
involved applying high-concentration K+ (50 mM)-containing artificial cerebrospinal fluid (aCSF) for 60 min through the dialysis probe. Each point 
represents the mean ± S.E.M. of 5 or 6 animals. *P < 0.05, **P < 0.01, significantly different from WT group. 
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levels in Lgi1-mutant or WT rats (Fig. 3A and B). In addition, AP treatments significantly enhanced high K+-induced GABA release only 
in WT rats, and not in Lgi1-mutant rats (Fig. 3A and B), illustrating that depolarization-induced GABA release was more prominent in 
WT than in Lgi1-mutant rats (Fig. 3C). 

4. Discussion 

Emerging evidence shows that the impairment of Lgi1, a secreted protein that regulates glutamatergic synaptic transmission, is 
associated with genetic and autoimmune epilepsy [5,10,11,14]. Here, we demonstrated for the first time that depolarization-induced 
synaptic release of glutamate and GABA markedly changed in Lgi1-mutant rats, a rat model of human ADLTE (summarized in Fig. 4A). 

AP treatments given in the juvenile stage (P16) cause audiogenic excitatory behaviors (e.g., wild running and jumping) at a mature 
age (8 weeks of age) in WT rats. However, these animals rarely exhibit any convulsive seizures. In contrast, most animals carrying the 

Fig. 2. Glutamate release in the hippocampus. Extracellular levels of glutamate were compared between non-primed wild-type (WT) and primed 
WT rats (A), non-primed Lgi1-mutant and primed Lgi1-mutant rats (B), and primed WT and primed Lgi1-mutant rats (C) (data from Fig. 1B 
redisplayed for comparisons between non-primed rats and primed rats). Depolarization stimulation involved applying high-concentration K+ (50 
mM)-containing artificial cerebrospinal fluid (High K+) for 60 min through the dialysis probe. Each point represents the mean ± S.E.M. of 5–7 
animals. *P < 0.05, **P < 0.01, significantly different from each other group. 
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loss-of-function mutation (L385R) develop GTCSs following wild running/jumping behaviors with acoustic test stimulation [15–17], 
suggesting that the dysfunction of Lgi1 facilitates audiogenic epileptogenesis. The present study demonstrated that AP stimulation 
applied on P16 significantly elevated basal levels of extracellular glutamate and enhanced depolarization-induced synaptic release of 
glutamate not only in Lgi1-mutant rats, but also in WT rats. Thus, developmental changes leading to hyper-excitation of glutamatergic 
neurotransmission may be involved in generation of audiogenic excitatory behaviors (e.g., wild running and jumping) after juvenile 
AP stimulation. On the other hand, depolarization-induced glutamate release in primed Lgi1-mutant rats was more prominent than in 
primed WT rats. In addition, although AP treatments also increased depolarization-induced GABA release in WT rats, this response to 
AP was abolished in Lgi1-mutant rats. Thus, the imbalance of excitatory/inhibitory neurotransmission, enhanced glutamate and 
reduced GABA synaptic release, in the hippocampus is supposed to cause more severe seizures such as GTCSs in Lgi1-mutant rats 
(Fig. 4B). Since LGI1-related glutamatergic transmission is reportedly involved in regulation of postsynaptic GABAergic interneurons 
in the hippocampus [10,11,25], dysfunction of Lgi1 might fail to activate GABAergic neurons. 

Fig. 3. GABA release in the hippocampus. Extracellular levels of GABA were compared between non-primed wild-type (WT) and primed WT rats 
(A), non-primed Lgi1-mutant and primed Lgi1-mutant rats (B), and primed WT and primed Lgi1-mutant rats (C) (data from Fig. 1C redisplayed for 
comparisons between non-primed rats and primed rats). Depolarization stimulation involved applying high-concentration K+ (50 mM)-containing 
artificial cerebrospinal fluid (High K+) for 60 min. Each point represents the mean ± S.E.M. of 5–7 animals. **P < 0.01, significantly different from 
each other group. 
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Even under naïve conditions without AP treatments, depolarization-induced glutamate and GABA release was more prominent in 
Lgi1-mutant rats than in WT rats. Our results on the enhancement of depolarization-induced glutamate release by the Lgi1 mutation are 
consistent with the previous finding that truncated mutant Lgi1 increased the spine density and enhanced excitatory transmission [26]. 
Although the mechanism for the increase of evoked GABA release in Lgi1-mutant rats remains uncertain, this might be a compensatory 
response to the enhanced glutamate release. 

While audiogenic seizures are reportedly associated with increased glutamate in the inferior colliculus and midbrain nucleus of the 
auditory pathway in other rodent models [27,28], we previously demonstrated that the hippocampus was one of the audiogenic 
seizure foci in Lgi1-mutant rats, where astrocytic Kir4.1 channels were significantly down-regulated during the development of epi-
leptogenesis [16,17]. Astrocytic Kir4.1 channels mediate spatial K+ buffering and glutamate uptake into astrocytes via EAAT1 and 
EAAT2 [18–21,29,30], playing a crucial role in the development of epilepsy [21]. Thus, down-regulation of Kir4.1 channels might at 
least partly be involved in the elevation of hippocampal glutamate level in Lgi1-mutant rats. In addition, we showed that the extra-
cellular signal-regulated kinase (ERK) signaling pathway was activated by the inhibition of astrocytic Kir4.1 channels, which facili-
tated the secretion of brain-derived neurotrophic factor (BDNF) from astrocytes [31]. Since the development of audiogenic seizures 
and other epileptic seizures is known to be associated with increased BDNF-tropomyosin receptor kinase B (TrkB) signaling and ERK 
signaling [32–39], down-regulated Kir4.1 channels might also facilitate audiogenic epileptogenesis in Lgi1-mutation via the 
ERK/BDNF pathway. However, further studies are necessary to delineate the mechanisms underlying the interaction of Lgi1 with 
Kir4.1 channels and BDNF. 

In conclusion, we analyzed synaptic release of glutamate and GABA in the hippocampus of Lgi1-mutant rats, where Lgi1 secretion 
was impaired [15]. The present study suggests that depolarization-induced synaptic release of glutamate was potentiated, but that of 
GABA release was diminished by the Lgi1-mutation. This imbalance of glutamatergic and reduced GABAergic neurotransmission may 
be involved in the audiogenic seizure-susceptibility associated with Lgi1-mutation. However, since the present results were obtained 
solely by in vivo microdialysis study, further analyses of functional changes by the Lgi1-mutation are necessary, especially the Lgi1 
interaction with glutamate and GABA neurons using electrophysiological as well as immunohistochemical techniques, to delineate the 
mechanisms underlying Lgi1-related epilepsies. 
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[10] E. Fels, S. Muñiz-Castrillo, A. Vogrig, et al., Role of LGI1 protein in synaptic transmission: from physiology to pathology, Neurobiol. Dis. 160 (2021), 105537, 

https://doi.org/10.1016/j.nbd.2021.105537. 
[11] Y. Fukata, Y. Hirano, Y. Miyazaki, et al., Trans-synaptic LGI1-ADAM22-MAGUK in AMPA and NMDA receptor regulation, Neuropharmacology 194 (2021), 

108628, https://doi.org/10.1016/j.neuropharm.2021.108628. 
[12] M. Lai, M.G. Huijbers, E. Lancaster, et al., Investigation of LGI1 as the antigen in limbic encephalitis previously attributed to potassium channels: a case series, 

Lancet Neurol. 9 (2010) 776–785, https://doi.org/10.1016/S1474-4422(10)70137-X. 
[13] S.R. Irani, S. Alexander, P. Waters, et al., Antibodies to Kv1 potassium channel-complex proteins leucine-rich, glioma inactivated 1 protein and contactin- 

associated protein-2 in limbic encephalitis, Morvan’s syndrome and acquired neuromyotonia, Brain 133 (2010) 2734–2748, https://doi.org/10.1093/brain/ 
awq213. 

[14] S. Ramanathan, A. Al-Diwani, P. Waters, S.R. Irani, The autoantibody-mediated encephalitides: from clinical observations to molecular pathogenesis, J. Neurol. 
268 (2021) 1689–1707, https://doi.org/10.1007/s00415-019-09590-9. 

[15] S. Baulac, S. Ishida, T. Mashimo, et al., A rat model for LGI1-related epilepsies, Hum. Mol. Genet. 21 (2012) 3546–3557, https://doi.org/10.1093/hmg/dds184. 
[16] N. Fumoto, T. Mashimo, A. Masui, et al., Evaluation of seizure foci and genes in the Lgi1(L385R/+) mutant rat, Neurosci. Res. 80 (2014) 69–75, https://doi.org/ 

10.1016/j.neures.2013.12.008. 
[17] M. Kinboshi, S. Shimizu, T. Mashimo, et al., Down-regulation of astrocytic Kir4.1 channels during the audiogenic epileptogenesis in Leucine-rich glioma- 

Inactivated 1 (Lgi1) mutant rats, Int. J. Mol. Sci. 20 (2019) 1013, https://doi.org/10.3390/ijms20051013. 
[18] Y.V. Kucheryavykh, L.Y. Kucheryavykh, C.G. Nichols, et al., Downregulation of Kir4.1 inward rectifying potassium channel subunits by RNAi impairs potassium 

transfer and glutamate uptake by cultured cortical astrocytes, Glia 55 (2007) 274–281, https://doi.org/10.1002/glia.20455. 
[19] B. Djukic, K.B. Casper, B.D. Philpot, et al., Conditional knock-out of Kir4.1 leads to glial membrane depolarization, inhibition of potassium and glutamate 

uptake, and enhanced short-term synaptic potentiation, J. Neurosci. 27 (2007) 11354–11365, https://doi.org/10.1523/JNEUROSCI.0723-07.2007. 
[20] M.L. Olsen, H. Sontheimer, Functional implications for Kir4.1 channels in glial biology: from K+ buffering to cell differentiation, J. Neurochem. 107 (2008) 

589–601, https://doi.org/10.1111/j.1471-4159.2008.05615.x. 
[21] M. Kinboshi, A. Ikeda, Y. Ohno, Role of astrocytic inwardly rectifying potassium (Kir) 4.1 channels in epileptogenesis, Front. Neurol. 11 (2020), 626658, 

https://doi.org/10.3389/fneur.2020.626658. 
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