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Abstract
Thioredoxin, encoded by Txn1, is a critical antioxidant that protects against oxi-
dative damage by regulating the dithiol/disulfide balance of interacting proteins. 
We recently discovered the Adem rat, an epileptic rat harboring the Txn1- F54L 
mutation, characterized by wild running and vacuolar degeneration in the mid-
brain. This study aimed to characterize the classification of epilepsy in Adem rats. 
We performed simultaneous video- electroencephalographic recordings, magnetic 
resonance imaging, neurotransmitter measurements using gas chromatography– 
mass spectrometry (GC- MS), and immunohistochemistry. Adem rats exhibited 
absence, tonic, and focal seizures. The type of epilepsy was classified as combined 
generalized and focal epilepsy. Neurotransmitters in the midbrain and cortex 
were measured at 3 weeks of age, when neuronal cell death occurs in the mid-
brain. The results of GC- MS ruled out the dominance of the excitatory system in 
the midbrain and cortex of Adem rats. Activation of astrocytes and microglia was 
more pronounced at 5 weeks of age, at which time epileptic seizures occurred 
frequently. The underlying pathology in Adem rats remains unknown. However, 
glial cell activation and inflammation may play a significant role in the occur-
rence of epilepsy.
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1  |  INTRODUCTION

There is a long history of using rodents as models for ep-
ilepsy, with epileptiform activity produced using chemi-
cals such as pilocarpine, kainic acid, pentylenetetrazol, 
and tetrodotoxin, and by electrical stimulation of brain re-
gions.1,2 The number of genetically modified animals with 
mutations in human epilepsy- related genes has grown 
with the ongoing development of genetic technologies3,4; 
the models have been classified as either generalized or 
focal epilepsy.1 However, no animal model of combined 
generalized and focal epilepsy has been reported to date.

Wild running and tonic/tonic– clonic seizures fol-
lowing wild running are known as audiogenic seizures, 
which can be evoked in genetically susceptible rodents 
by intense sound stimulation or induced in normal ro-
dents by repeated stimulation of auditory nuclei.5  We 
recently discovered a Txn1 mutant rat with wild running 
by using forward genetic screening in an archive of ethyl 
nitrosourea- mutated rats.6  This rat strain, named Adem 
(age- dependent mitochondrial cytopathy), develops wild 
running spontaneously without auditory stimulation. 
Thioredoxin, encoded by the Txn1 gene, plays an essential 
role in defense against oxidative stress by reacting with 
thioredoxin reductase 1 (Txnrd1) and peroxiredoxin 1.7 
Adem rats were found to have a midbrain lesion affecting 
the inferior colliculus, superior colliculus, and thalamus, 
where neuronal cell death was induced by excessive oxi-
dative stress at 3 weeks of age.6 Frequent episodes of wild 
running started at 5 weeks of age.6 The aim of this study 
was to clarify the epileptic seizure type of wild running 
associated with the midbrain lesion. We hypothesized that 
epilepsy is caused by an imbalance of the excitatory and 
inhibitory nervous systems in the midbrain.

2  |  MATERIALS AND METHODS

Additional details of the methods are described in 
Appendix S1.

2.1 | Animals

We used both sexes of Adem rats in this study, because 
there were no differences in the occurrence of wild run-
ning between sexes.6  Although Txn1F54L/F54 (homozy-
gous) rats exhibited more severe vacuolar degeneration 
in the midbrain than Txn1F54L/+ (heterozygous) rats, both 
genotypes showed a similar seizure frequency at 5 weeks.6 
In this study, we used both Txn1F54L/+ and Txn1F54L/F54L 
rats for electroencephalographic (EEG) analysis.

2.2 | Magnetic resonance imaging

Txn1F54L/F54L (n = 2) and wild- type (WT; n = 2) rats were 
examined at 3 weeks of age by using a 4.7- T preclinical 
magnetic resonance scanner (BioSpec 47/16 USR, Bruker 
BioSpin MRI) as described in our previous study.6

2.3 | Video- EEG simultaneous recordings

Stainless steel screw electrodes were implanted into the 
bilateral frontal cortex and occipital cortex under isoflu-
rane inhalation. A reference electrode was implanted at 
the posterior end of the skull. Five-  to 7- week- old rats 
(Txn1F54L/+, n  =  4– 5; Txn1F54L/F54L, n  =  4– 5, and WT, 
n = 2) were tethered, and video- EEG was recorded for 8– 9 
h, from approximately 8:00 a.m. to 5:00 p.m., every week.

2.4 | Histology and 
immunohistochemistry

Brains were fixed with 10% formalin neutral buffer solu-
tion. Tissue sections were cut from paraffin- embedded 
brain samples for Txn1F54L/F54L and WT rats euthanized at 
3, 5, and 9 weeks of age. Sections were subjected to hema-
toxylin and eosin (HE) staining using standard protocols. 
Brain tissue samples were stained using a standard immu-
nohistochemistry (IHC) protocol as described previously.6

2.5 | Metabolome analysis by gas 
chromatography– mass spectrometry

Gas chromatography– mass spectrometry (GC- MS) 
analysis of the thalamus and cortex samples of WT and 
Txn1F54L/F54L rats (each group, n = 3) at 3 weeks of age was 
conducted using a GCMS- QP2010 Ultra (Shimadzu Co) 
according to a previous report.8,9  Metabolome analysis 
was performed at 3 weeks of age to minimize the impact 
of neurotransmitter metabolism in astrocytes, as the IHC 
results showed that significant activation of astrocytes oc-
curs at 5 weeks of age.

2.6 | Statistical analysis

All data were analyzed using EZR.10 Results are expressed 
as mean ± SEM. One- way analysis of variance followed by 
Bonferroni adjustment was used to determine the statisti-
cal differences between the groups. Statistical significance 
was set at p < .05.
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3  |  RESULTS

Sagittal magnetic resonance imaging (MRI) sections 
showed high signals of T2- weighted images (T2WIs) in-
cluding the inferior colliculus and thalamus (Figure 
1A). These images were spread over 6– 8- mm slices in 
Txn1F54L/F54L and Txn1F54L/+ rats. The areas of high signal 
intensity on T2WIs correlated with vacuolar degeneration 
on HE staining (Figure 1B).

Unfortunately, wild running could not be captured by 
video- EEG recording. However, various types of epileptic 
seizures were detected. They comprised an absence sei-
zure (Figure 1C, Video S1), an asymmetric brief toniclike 

seizure (Figure 1D, Video S2), and a focal seizure originat-
ing from the occipital region (Figure 1E, Video S3). The 
frequency of each epileptic seizure is shown in Table S1. 
Adem rats are thus a model of combined generalized and 
focal epilepsy.

A possible cause of epilepsy is an imbalance between 
excitatory and inhibitory neurons arising from neuronal 
cell death. Therefore, we measured neurotransmitters in 
the thalamus and cortex without lesions using GC- MS. 
There were no statistically significant differences in gluta-
mate (Figure 2A) and γ- aminobutyric acid (GABA; Figure 
2B) levels. In contrast, glycine levels in the thalamus in 
Txn1F54L/F54L rats were significantly higher than that of 

F I G U R E  1  Adem rats represent a model of combined generalized and focal epilepsy. (A) Representative magnetic resonance image 
(MRI) of Txn1F54L/F54l and wild- type (WT) rats at 3 weeks. The MRI shows the T2 high- signal- intensity lesion in the midbrain. Yellow 
arrows indicate the lesion. (B) Hematoxylin and eosin stain of Txn1F54L/F54l and WT rats in the midbrain shows vacuolar degeneration 
in the midbrain. (C) An absence seizure in a Txn1F54L/F54l rat. The rat suddenly stopped grooming (arrow point) and hung his head. The 
electroencephalographic (EEG) trace showed diffuse 6– 7- Hz spike- and- wave bursts. When the epileptic seizures on the EEG disappeared, 
he began to move. (D) An asymmetric toniclike seizure in a Txn1F54L/+ rat. Due to backlighting, seizure symptoms were somewhat blurred; 
the rat suddenly became tonic and turned his head to the left. The EEG trace became a diffuse low- voltage pattern at the point of his tonic 
posture. (E) A focal seizure in a Txn1F54L/+ rat. Spike– wave discharges appeared from the left occipital region, and epileptic discharges 
spread over to the right occipital region. The rat became restless and walked around in the cage at the point marked by the arrow. The rat 
became calm after the epileptic wave disappeared. Homo, Txn1F54L/F54l rat; Lt., left; Rt., right.
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WT rats (Figure 2C). Regarding an imbalance of the inhib-
itory/excitatory system, the ratio of GABA/glutamic acid 
and glycine/glutamic acid was higher in the thalamus of 
Txn1F54L/F54L rats than in WT (Figure 2D,E). The inhibi-
tory systems in the Txn1F54L/F54L lesion were more domi-
nant than in the WT.

IHC analysis showed a considerably higher activa-
tion of astrocytes in Txn1F54L/F54L rats than in WT at 3, 
5, and 9 weeks of age. The peak point of activation was 
at 5 weeks (Figure 2F,G). In IHC of microglia, there was 
no significant difference in activation between WT and 
Txn1F54L/F54L rats at 3 weeks. A morphological change 
in microglia from a ramified to an amoeboid phenotype 
was observed at 5 weeks in Txn1F54L/F54L rats (Figure 

2H). The peak point of microglial activation was at 5 
weeks (Figure 2I).

4  |  DISCUSSION

Previous animal models of epilepsy have been classified 
as either generalized or focal epilepsy.1 To the best of our 
knowledge, this is the first report of an animal model of 
combined generalized and focal epilepsy. In humans, 
Dravet syndrome and Lennox– Gastaut syndrome (LGS) 
fall into the category of combined generalized and focal 
epilepsy. Both are intractable epilepsies. SCN1A muta-
tions have been detected in approximately 80% of patients 

F I G U R E  2  Astrocytes and microglia were activated during the epileptic period. (A– E) Gas chromatography- mass spectrometry analysis 
shows the relative absorbance of glutamic acid (A), γ- aminobutyric acid (GABA; B), glycine (C), GABA/glutamic acid (D), and glycine/
glutamic acid (E). The midbrain is dominated by the inhibitory system in comparison to the cerebral cortex. The ratio of the inhibitory/
excitatory system in the thalamus for Txn1F54L/F54L rats was higher than that for wild type (WT). (F– I) Representative immunohistochemistry 
images of anti- glial fibrillary acidic protein (GFAP; F) and anti- ionized calcium- binding adapter molecule 1 (Iba1; H) for Txn1F54L/F54L and 
WT rats at 3, 5, and 9 weeks of age. (G, I) Quantification of GFAP- positive cells (G) and Iba1- positive cells (I). Both of peaks occurred in rats 
at 5 weeks of age. Homo, Txn1F54L/F54l rat. Scale bars = 50 µm. *p <  .05, ***p < .001.
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with Dravet syndrome, whereas LGS has a broader genetic 
heterogeneity than Dravet syndrome.11 Patients with LGS 
have a variety of seizure types, including tonic seizures, 
absence seizures, drop attacks, and focal seizures. The 
epileptic seizure network of LGS is thought to involve the 
thalamus, brainstem, and cerebral cortex.12

Based on the EEG analysis, Adem rats exhibited some 
similarities with LGS in humans. The seizure types were 
toniclike seizures, absence seizures, and focal seizures. At 
the onset of the brief toniclike seizure, ictal EEG showed a 
generalized low- voltage pattern. Absence seizures are also 
a common seizure type in patients with LGS. Taken to-
gether with the various seizure types and thalamus lesions 
in  Adem  rats, this model may share a pathology similar 
to that of LGS in humans. Experiments using depth elec-
trodes into the vacuolar degenerative lesions and brain-
stem could provide more detailed information on epileptic 
activity in the future.

There are some features of Adem rats that are not typ-
ical of LGS in humans. Epileptic discharges have never 
been observed on background EEG during the period 
without epileptic seizures. Mutation of TXN has not been 
reported to cause epilepsy in humans. However, mutation 
of TXNRD1, a component of the thioredoxin system,7 has 
been linked to juvenile myoclonic epilepsy.13  Patients 
with a homozygous mutation of TXNRD1 were reported 
to have absence, myoclonic, and tonic– clonic seizures. 
In the future, we anticipate a group of genes comprising 
the thioredoxin system may be identified in patients with 
generalized epilepsy or combined generalized and focal 
epilepsy.

In our previous study, we showed that cells isolated 
from Adem rats are sensitive to H2O2.6 However, there is no 
report that H2O2 per se directly induces epileptic seizures. 
Therefore, we hypothesized that an imbalance between 
excitatory and inhibitory systems causes epilepsy. The GC- 
MS results of neurotransmitters ruled out that Adem rats 
had a dominance of glutamic acid in the midbrain com-
pared to WT rats. Some compensatory mechanisms might 
be at work, but the reason for this was not clarified in this 
study. The raphe nuclei in the brainstem seemed to be out-
side the degenerative vacuolar lesions. The involvement of 
the serotonin nervous system remains unclear and should 
be investigated in future studies.

Activation of glial cells might play a critical role in the 
occurrence of seizures in Adem rats. IHC revealed that sig-
nificant activation of astrocytes and microglia occurred at 
5 weeks of age, rather than at the time of neuronal death 
at 3 weeks of age. The damaged brain initiates the repair 
process by activating astrocytes.14  Microglia that are ac-
tivated in synchrony with astrocytes remove debris and 
dead neurons by phagocytosis.15 Activated microglia re-
lease proinflammatory cytokines such as tumor necrosis 

factor α, interleukin (IL)- 1β, and IL- 6, leading to neuro-
degeneration and inflammatory responses in the central 
nervous system.15 These cytokines are known to cause ep-
ileptic seizures.16 Neuronal death in ischemia– reperfusion 
injury due to stroke17 and hypoxic– ischemic encephalop-
athy in newborns18 are well- known conditions induced by 
oxidative stress. In these pathological conditions, intracta-
ble epilepsy often develops months to years after an acute 
injury.

Adem rats inform basic research on epilepsy in the fol-
lowing two aspects: first, they offer a new model of com-
bined generalized and focal epilepsy; second, they suggest 
an epileptogenic mechanism after neuronal death caused 
by oxidative stress.
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