
Dysfunction of parvalbumin-expressing cells
in the thalamic reticular nucleus induces
cortical spike-and-wave discharges and an
unconscious state
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Norio Takata,3 Mariko Miyata,2 Masaru Mimura1 and Kenji F. Tanaka1,3

Spike-and-wave discharges and an accompanying loss of consciousness are hallmarks of absence seizure, which is a childhood generalized
epilepsy disorder. In absence seizure, dysfunction of the cortico-thalamo-cortico circuitry is thought to engage in abnormal cortical
rhythms. Previous studies demonstrated that the thalamic reticular nucleus has a critical role in the formation of normal cortical rhythms;
however, whether thalamic reticular nucleus dysfunction leads directly to abnormal rhythms, such as epilepsy, is largely unknown. We
found that expressing the inhibitory opsin, archaerhodopsin, including in the thalamic reticular nucleus, caused abnormal cortical
rhythms in Pvalb-tetracycline transactivator::tetO-ArchT (PV-ArchT) double transgenic mice. We validated the PV-ArchT line as a
newmousemodel of absence seizure through physiological and pharmacological analyses, as well as through examining their behavioural
features.We then discovered that archaerhodopsin expression exclusively in thalamic reticular nucleus parvalbumin-positive neurons was
sufficient to induce cortical spike-and-wave discharges using adeno-associated virus-mediated thalamic reticular nucleus targeting.
Furthermore, we found that archaerhodopsin expression impaired rebound burst firing and T-current in thalamic reticular nucleus par-
valbumin-positive cells by slice physiology. Although T-current in the thalamic reticular nucleus was impaired, the T-current blocker etho-
suximide still had a therapeutic effect in PV-ArchT mice, suggesting a gain of function of T-type calcium channels in this absence seizure
model. However, we did not find any over- or misexpression of T-type calcium channel genes in the thalamus or the cortex. Thus, we
demonstrated that thalamic reticular nucleus dysfunction led to an absence seizure-like phenotype in mice. In a final set of experiments,
we showed that the archaerhodopsin-mediated absence seizure-like phenotype disappeared after the removal of archaerhodopsin by using
a time-controllable transgenic system. These data may provide a hint as to why many absence seizures naturally regress.
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Graphical Abstract

Introduction
Absence seizure is a childhood-onset neurological disorder
and is classified as a generalized non-motor seizure according
to the International League Against Epilepsy Classification
of 2017.1 The loss of consciousness for a few seconds is a
clinical feature of absence seizures. This is associated with
spike-and-wave discharges (SWDs), which are the physiologi-
cal hallmark of absence seizures.2–4

Cortico-thalamo-cortical networks are involved in the
pathophysiology of SWDs.5,6 In rodents, these networks
include two types of excitatory neurons, corticothalamic
(CT) and thalamocortical (TC) neurons, and one type of
inhibitory neuron, thalamic reticular nucleus (TRN) neu-
rons.7,8 TRN inhibitory neurons receive excitatory inputs
from both CT and TC neurons, but send axons only to TC
neurons. TRN neuronal activities are divided into two
modes, tonic and burst firing. Burst firing is generated
by T-type Ca2+ channels, and T-type Ca2+ channel-
dependent burst firing is involved in the initiation of cor-
tical sleep spindles through the rhythmic inhibition of TC
neurons.9 In addition to its role on sleep homeostasis, burst
firing of the TRN is thought to associate with cognition, at-
tention and consciousness, and dysregulation of the TRN

may cause neuropsychiatric diseases including absence
seizures.10

The aetiology of absence seizure is not clear, and there are
several theories for the generation of SWDs. Although the
role of the TRN in cortical rhythm generation has been
widely accepted from the viewpoint of sleep spindle gener-
ation, it is not known whether TRN dysfunction per se leads
to SWDs in absence seizures. Here, we sought to demonstrate
that dysfunction in the TRN alone is capable of generating
absence seizures. To this end, we exploited a cell type-specific
toxic gene induction system in mice. We found that an inhibi-
tory opsin, ArchT (archaerhodopsin fromHalorubrum strain
TP009), rendered TRN parvalbumin (PV)-positive cells ab-
normal and we used ArchT as a toxic agent in this study.
Moreover, we demonstrated that mice expressing ArchT in
the TRN can serve as a new animal model of absence seizure.

Materials and methods
All animal procedures were conducted by the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Animal Research
Committee of Keio University School of Medicine. We
used male and female mice between 2 and 8 months of
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age. Furthermore, mice were kept on a 12 /12 h light/dark
cycle in their home cage.

Transgenic animals
We generated Pvalb-tTA::tetO-ArchT (hereafter called
PV-ArchT) double transgenic mice by crossing Pvalb-tTA
mice11 with tetO-ArchT-EGFP mice.12 PV-ArchT mice
were generated to express ArchT, an inhibitory opsin, speci-
fically in PV neurons. For the control in the slice physiology
experiment, we used Pvalb-tTA::tetO-yellow cameleon
(YC)13 double transgenic mice. Pvalb-Cre mice14 were
used for AAV-mediated ArchT expression. Genotyping
methods were previously described.11–14

Immunohistochemistry
All mice were deeply anaesthetized and then perfused with
4% paraformaldehyde in a phosphate-buffered solution
(PBS). Brains were removed from the skull, post-fixed over-
night in the same fixative and cryoprotected in 20% sucrose/
PBS overnight. Brains were then frozen and cut at 25 µm
thickness on a cryostat. Sections were mounted on silane-
coated glass slides (Matsunami Glass, Japan). For double
immunohistochemistry (IHC), sections were incubated over-
night at room temperature in a mixture of primary anti-
bodies: anti-green fluorescent protein (GFP) antibody (goat
polyclonal, 1:250, Rockland Immunochemicals Inc., USA)
and anti-PV antibody (mouse monoclonal clone 235,
1:1000, Swant Inc., Switzerland). On the second day, sec-
tions were incubated for 2 h at room temperature in a mix-
ture of secondary antibodies: donkey anti-goat IgG-Alexa
488 antibody (1:1000, Invitrogen, USA) and donkey anti-
mouse IgG-Alexa555 antibody (1:1000, Invitrogen).
Fluorescent images were obtained with a confocal micro-
scope (FV3000, Olympus) or an All-in-one Fluorescence
Microscope (BZ-X710, Keyence).

EEG and EMG electrode implantation
and recording
Mice were anaesthetized with a mixture of ketamine and xyla-
zine (100 and 10 mg/kg, respectively, intraperitoneally), and
then fixed on a stereotaxic apparatus (Narishige Scientific
Instrument Lab, Japan). For EEG electrode implantation, cra-
niotomies were prepared�1 mm in diameter for signal and re-
ference electrodes. Positions of craniotomies were as follows:
cortical signalelectrodeswere locatedabove the somatosensory
area [anteroposterior (AP) −1.5 mm, mediolateral (ML)+
2.0 mmfromBregma]andreferenceelectrodeswerepositioned
at (AP−6.1 mm, ML+ 0.5 mm from Bregma). Cortical EEG
electrodes were placed above the dura mater. For local
field potential (LFP) electrode implantation in the thala-
mus, tungsten wires were inserted at AP −0.82 mm,
ML+0.9 mm and dorsoventral (DV) 3.2 mm from breg-
ma. EMG electrodes were inserted into trapezius muscles.
Electrodes were fixed with dental acrylic (Super-Bond

C&B Sun Medical, Shiga, Japan) and dental cement
(UNIFAST II, GC, Japan). After fixation, all electrodes
were protected with dental silicone. Mice were allowed
to recover for 1 week before measurements were taken.

EEG/EMG recordings were performed in freely moving
mice in their home cage for 2 h/day. EEG and EMG signals
were amplified 500 times, band-pass filtered (1–3000 Hz for
EEG; 1–1000 Hz for EMG) (Model 3000, A-M systems;
DAM50, World Precision Instruments, USA). Analysis was
performed using the in-house software written in MATLAB
(2018b; MathWorks).

Pharmacological intervention
Ethosuximide (Tokyo Chemical Industry Co., Japan) was
dissolved in normal saline and injected intraperitoneally to
mice at 100 mg/kg. Baclofen (Sigma-Aldrich Japan, Japan)
was dissolved in normal saline and injected intraperitoneally
to mice at 20 mg/kg.

Adeno-associated virus production
and purification
Adeno-associated virus (AAV) vectors were produced using
the AAV Helper-Free System (Agilent Technologies, Inc.,
USA) and the detailed methods of AAV production and
purification were previously described.15 The pAAV-CAG-
DIO-ArchT-GFP plasmid was purchased from Addgene
(ID: 28307; USA). The titre of AAVDJ-CAG-ArchT-GFP
was 1.1× 1013 vg/ml.

Cre-mediated ArchT expression
Methods for anaesthesia and stereotaxic surgery were the
same as for implanting EEG and EMG electrodes. A glass
capillary containing the virus solution (AAVDJ-CAG-DIO-
ArchT-GFP) was inserted bilaterally into the TRN (AP −0.8,
ML+ 1.6 and DV 3.6 mm) from the brain surface of
Pvalb-Cre mice and the 150 nl solution was injected by
the Nanoliter2010 Microinjection Pump (WPI, USA).
The capillary was held in place for 20 min after injection
to decrease the spreading of the virus.

Patch clamp of brain slices
For control experiments, we generated Pvalb-tTA::tetO-YC
double transgenic mice (PV-YC). Acute brain slices were
prepared from either PV-ArchT or PV-YC juvenile mice.
Fresh-prepared brain slices from postnatal day P21 to P26
male mice were superfused with oxygenated artificial cere-
brospinal fluid (in mM: 125 NaCl, 26 NaHCO3, 20 glucose,
2.5 KCl, 1.25 NaH2PO4, 1.2 MgC12, 2CaCl2) and recorded
between the temperatures 30 and 32°C. Cells were whole-
cell current-clamped or voltage-clamped using an EPC10/2
amplifier (HEKA, Germany), controlled by the PatchMaster
software (HEKA, Germany). The patch pipettes were filled
with intracellular solution containing (in mM): 150
K-gluconate, 20 TEA-Cl, 10HEPES, 5Na2-phosphocreatine,
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4MgATP, 0.3 GTP and 1 EGTA (pH 7.3). The patch pipette
typically had a resistance of 4 MΩ, and the series resistance
was an average of �14MΩ. For rebound burst characteriza-
tion, cells were held in a current clamp under a membrane
voltage of about –85 to –50 mV (in 5 mV increments) via a
constant current injection. Rebound bursting was determined
following a 500 ms, –0.5 nA current step, as previously
described.16 To determine T-currents, responses to different
hyperpolarizing steps from –80 mV holding potential
(500 ms, ranging from –110 to –50 mV) were recorded in
the voltage-clamp configuration.

In situ hybridization
We conducted the in situ hybridization (ISH) as previously
described.17 Briefly the sections were treated with proteinase
K (40 µg/ml, Roche, Germany) for 30 min and then they
were acetylated. We generated digoxigenin (DIG)-labelled
complementary RNA probes for three types of T-type cal-
cium channels: Cacna1g (Cav3.1), Cacna1h (Cav3.2) and
Cacna1i (Cav3.3). DIG-RNA probes were hybridized over-
night at 63°C. DIG-RNA probes were reacted with an alka-
line phosphatase-conjugated anti-DIG antibody (1:5000
dilution, Roche, Germany), and visualized with Nitro-Blue
Tetrazolium Chloride/5-bromo,4-chloro,3-indolyl phos-
phate (Roche, Germany). Images were obtained with an
All-in-one Fluorescence Microscope (BZ-X700, Keyence).

RNA extraction and quantitative
RT-PCR
Total RNA was extracted from cortices and thalami of
PV-ArchT mice fed normal chow (n= 3 mice) and
PV-ArchT mice fed doxycycline (DOX) chow (n= 3 mice).
Mice were euthanized by cervical dislocation, the brains
were removed from the skulls and the dissected cortex or tha-
lamus was immediately lysed in Trizol reagent (Thermo
Fisher Scientific, USA). Total RNA was converted to cDNA
using ReverTra Ace qPCR RT Master Mix with gDNA
Remover (TOYOBO, Japan). For quantitative RT-PCR ana-
lysis, we used target-specific TaqMan probe and primers
sets as follows: Cacna1g (Mm01299131_m1), Cacna1h
(Mm00445382_m1) and Cacna1i (Mm01299033_m1)
(Thermo Fisher Scientific). Results were normalized to
GapdhmRNA (Mm03302249_g1) levels. The PCRwas per-
formed using the StepOne Real-Time PCR System (Thermo
Fisher Scientific).

DOX administration
DOX (doxycycline hyclate; Sigma, St Louis, MO, USA) was
administered to mice in chow (CE-2, CLEA) containing
100 mg/kg DOX.

Statistical analysis
Statistical analyses were performed using Excel andMATLAB.
Data are expressed as mean+ SEM. t-tests were used to test

differences between means in two-group comparisons.
One-way ANOVA was used to test differences between the
mean values in each group with ages. P, 0.05 is considered
statistically significant (*P, 0.05 and ***P, 0.01).

Data availability
The data sets that support the current study are
available from the corresponding author on reasonable
request.

Results
ArchT-expressing transgenic mice
exhibited EEG abnormalities
We generated PV-ArchT mice, which contained the
Pvalb-tTA and tetO-ArchT transgenes. In these mice, the tet-
racycline transactivator (tTA) protein was expressed under
the control of the Pvalb promoter. In the absence of DOX,
tTA is tethered to the tetracycline operator site (tetO), indu-
cing the expression of the ArchT-GFP fusion protein
(Fig. 1A). In mice fed normal chow (no DOX), ArchT-GFP
was highly expressed in the TRN, cerebellum, accessory
olfactory bulb and retrosplenial cortex, and moderately
expressed in Layer 5 cortical neurons (arrow in Fig. 1B).
Unexpectedly, ArchT-GFP was very weakly expressed, if
at all, in cortical PV-positive interneurons. Within the
TRN, 99+ 0.5% of GFP-positive cells were PV-positive,
and 72+ 3.2% of PV-positive cells were GFP-positive
(n= 3 mice, total 752 cells) (Fig. 1C).

PV-ArchT mice developed normally in early life and did
not show behavioural abnormalities such as gait disturb-
ance or ataxia. However, PV-ArchT mice exhibited cor-
tical EEG abnormalities at 2 months, the earliest time to
start EEG measurement in our experimental system.
These EEG abnormalities appeared without any light acti-
vation of the ArchT opsin, despite the light-dependent
functions of ArchT. EEG abnormalities included a high-
power theta rhythm (theta frequency band 4–10 Hz)
(Fig. 2A and B) and epileptiform discharges (Fig. 2A and
C). Epileptiform discharges observed in PV-ArchT mice
were spikes (a sharp deflection), polyspikes (runs of
more than two spikes) and spike-and-wave complexes (a
pattern consisting of a spike followed by a slow wave)
(blue traces in Fig. 2A and C).

With age, the length and the frequency of spike-and-wave
complexes increased. To quantify the degree of epilepti-
form discharges, we first defined the SWD as a repetitive
spike-and-wave lasting .0.5 s and ranging from 7 to
10 Hz (Fig. 3A). The theta power of SWDs was signifi-
cantly higher than that of heightened baseline EEG
(Fig. 3B); thus, it was relatively easy to identify SWD events
despite the basal high-power theta rhythm of PV-ArchT
mice. Based on these criteria, we detected the SWD event
at various ages. The duration and the number of SWDs
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increased with age (Fig. 3C and D), indicating the age-
dependent progression of the SWD occurrence. However,
we did not detect any further increase in theta power
with age (Fig. 3E).

PV-ArchT mice displayed an absence
seizure phenotype
PV-ArchTmice showed intermittent episodes of behavioural
arrest. To determine whether the behavioural arrest was as-
sociated with SWD, we recorded EEG and EMG with video
monitoring. During an attack, the mouse stopped its on-
going behaviour and did not respond to external stimuli
such as sound or light (Video 1) and the behavioural arrest
was always associated with SWDs. Although EMG ampli-
tudes were very low during attacks (Fig. 4A and B), mice
kept their postures and did not fall. Once the attack termi-
nated, the mouse’s behaviour and EMG amplitude were
restored. These behaviours were consistent with an uncon-
scious phenotype seen in human absence seizures. The nature
of SWDs in humans (3 Hz, more than a 10 s duration)3,4 is
distinct from that observed in rodent models (.4 Hz, short
duration)18 and that in our model. However, both the
EEG/EMG characteristics and the behaviour mimic absence
seizure in PV-ArchT mice, and this model can be considered
to have face validity.

To examine the predictive validity of this absence sei-
zure model, we administered ethosuximide (100 mg/kg in-
traperitoneal injection), the first-line medication for
absence seizure in humans,19 to PV-ArchT mice.
Ethosuximide had an acute effect on the frequency of
SWDs and abolished SWDs 30 min after treatment
(Fig. 4C and E). Therefore, this model also exhibits predic-
tive validity. It is known that baclofen, a GABAB agonist,
worsens EEG abnormalities in other validated absence sei-
zure rodent models.20,21 We administered baclofen (20 mg/
kg, intraperitoneal injection) to PV-ArchT mice to test
whether the baclofen treatment could exacerbate the
EEG phenotype. As expected, 30 min after baclofen treat-
ment, the frequency and the duration of SWDs increased
(Fig. 4D and E). To examine the pharmacological response
to high-power theta rhythm, we calculated theta power be-
fore and after drug administration. Ethosuximide did not
reduce theta power (Fig. 4F), but baclofen rather reduced
it (Fig. 4F), suggesting that therapeutic and detrimental
drug mechanisms in SWDs are distinct from those in high-
power theta rhythm.

Taken together, expression of the opsin ArchT in
PV-positive neurons caused abnormal brain waves, indicat-
ing that ArchT expression—even without light activation—
had a toxic effect on PV-positive cells. During the epileptic
attack, mice stopped all behaviour and showed uncon-
sciousness, which is consistent with an absence seizure phe-
notype in humans. In addition, PV-ArchT mice satisfied
traits of predictive validity as an absence seizure animal
model.

ArchT expression in PV-positive TRN
neurons induced cortical SWDs
Cortico-thalamo-cortical circuit dysfunction is considered
to cause absence seizures.5,6 We addressed the direct role
of the TRN in SWD pathogenesis by using viral delivery of
ArchT. We injected AAVDJ-CAG-DIO-ArchT-GFP bilat-
erally into the middle part of the TRN in adult Pvalb-Cre
mice (Fig. 5A). We confirmed ArchT expression by IHC;
ArchT-GFP was labelled only in PV-positive neurons (68.0
+10.1% in PV-positive neurons in the target area, Fig. 5B
and C). After mice recovered from the viral injection, we
made weekly EEG recordings. We first recorded cortical
EEG after 1 week as baseline control (grey trace in
Fig. 5D). We found significant higher theta power 1 month
after AAV injection (black trace in Fig. 5D, and right panel
in Fig. 5D). We then observed epileptiform discharges 2
months after AAV injection (blue traces in Fig. 5E). The fre-
quency of epileptiform discharges was 2.5+ 1.2/h (n= 4
mice) and the duration ranged 1.3+0.4 s (median 1.6 s).
However, we did not observe a typical SWD.

The baclofen challenge induced the typical SWD (red
traces in Fig. 5F) and increased the frequency of epileptiform
discharges and their duration (Fig. 5F), while theta power
did not change significantly after baclofen (Fig. 5F). These
data indicate that AAV-mediated ArchT expression in
TRN PV-positive neurons are sufficient to induce cortical
epileptiform discharges and that such discharges are con-
tinuous with SWDs.

ArchT expression impaired
hyperpolarization-induced rebound
excitation in TRN PV-positive
neurons
While ArchT has been widely used in optogenetics,22 we
previously found that ArchT expression itself in oligoden-
drocytes, a glial cell type in the brain, caused dysmyelina-
tion.23 Our previous and current results indicate that
ArchT has toxic functions in a cell type-dependent manner.

To address how ArchT expression alters the basic cellular
functions of TRN PV-positive neurons, we conducted slice
physiology experiments and examined membrane properties.
We prepared acute slices from PV-ArchT (n= 3mice, 20 cells)
and PV-YC (Pvalb-tTA::tetO-YC) (n= 3 mice, 10 cells) juve-
nile mice where TRN PV-positive cells were labelled by GFP
and yellow fluorescent protein, respectively. YC is a genetical-
ly encoding a calcium indicator and we used PV-YC mice as
the control. Resting membrane potential and input resistance
were comparable between ArchT-expressing and control
(PV-YC) cells (−77.1+0.4 versus −77.5+ 0.5 mV, t4=
0.5, P= 0.6; 180.8+ 40.8 versus 157.3+ 9.2MΩ, t4= 0.6,
P= 0.6; data are stated in the order of PV-ArchT versus
PV-YC), and other important metrics of intrinsic excitability
(including membrane time constant, membrane capacitance
and AP threshold; Supplementary Table 1).
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TRN PV neurons show hyperpolarization-induced re-
bound excitation, and this type of excitation generates burst
firing in cells.24,25 We injected negative current into cells and
examined the rebound excitation. In controls (PV-YC), all
the cells we tested (10 cells from 3 mice) exhibited
after-hyperpolarization-evoked bursts of action potentials:
four cells with three bursts (Fig. 6A, bottom), four cells
with two bursts and two cells with a single burst. In
PV-ArchT cells (20 cells from 3 mice), the number of bursts
was significantly impaired compared with controls (Fig. 6B,
0.99+0.08 for PV-ArchT versus 2.22+ 0.2 for controls,
t4=−5.2, P= 0.02): 1 cell with 3 bursts, 2 cells with 2 bursts
and 13 cells with single bursts (Fig. 6A, top), and 4 cells did
not evoke any bursts (Fig. 6A, middle). The number of ac-
tion potentials on the first burst (Fig. 6C), the duration of
first bursts (Fig. 6D) and the frequency of action potentials
in the first burst (Fig. 6E) were comparable between the
two groups.

Rebound excitation of TRN PV cells is mediated by
T-type calcium channel current.26 We measured T-type cal-
cium channel current in both PV-ArchT and PV-YC cells.
ArchT-expressing TRN PV cells possessed significantly
lower peak current than controls (Fig. 6F) (155+ 68 pA
for PV-ArchT versus 699+ 36 pA for controls, t4=−7,

P= 0.006: Fig. 6G). Collectively, these data indicated that
T-type calcium channel current was impaired by ArchT
expression in TRN PV-positive cells.

Thalamic hyperactivity was
synchronized to cortical SWDs in
PV-ArchT mice
We now regard PV-ArchT mice as a model of absence sei-
zures according to face (SWDs) and predictive (effectiveness
of ethosuximide) validities. Ethosuximide is a T-type cal-
cium channel blocker; however, ArchT expression in TRN
PV-positive neurons was the primary cause of T-current im-
pairment in TRN PV-positive neurons. To reconcile TRN
dysfunction with ethosuximide effectiveness, we investi-
gated whether there was hyperactivity of the thalamus. We
measured thalamic activity by extracellular recording in
the anteroventral thalamus (Supplementary Fig. 1A) and ex-
amined whether thalamic hyperactivity was synchronized
with cortical SWDs in PV-ArchT mice. Thalamic LFPs
with high amplitudes are associated with cortical SWDs
and low EMG amplitudes (Supplementary Fig. 1B and C).
The dominant frequency of thalamic LFPs, ranging from 7

Figure 1 ArchT-GFP expression in PV-positive cells using a Tet-Off system. (A) ArchT-GFP was expressed by a Tet-Off system. tTA
protein-induced ArchT-GFP expression in PV-positive neurons occurred in the absence of DOX. (B) Direct fluorescent image of a sagittal
section from a PV-ArchT mouse fed normal chow (n= 3). TRN, thalamic reticular nucleus; CL, cerebellum; RSC, retrosplenial cortex. Scale bar,
500 μm. (C) Confocal images showing PV and GFP immunoreactivities in the TRN of a mouse fed normal chow (n= 3 mice). PV-positive cells
(magenta) expressed ArchT-GFP (green). Yellow arrows confirm that PV-positive cells express GFP. Top scale bar, 200 μm; bottom scale bar,
20 µm.
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to 10 Hz, is the same as that of cortical SWDs. The degree of
coincidence of SWD timing in the cortex and the thalamus
was high: 87% of thalamic hyperactivity coincided with cor-
tical SWDs, and all cortical SWDs coincided with thalamic
hyperactivity.

T-currents are mediated by voltage T-type calcium chan-
nels (CavT), which are encoded by Cacna1g (Cav3.1),
Cacna1h (Cav3.2) and Cacna1i (Cav3.3). We next exam-
ined whether ArchT expression affected the transcript levels
of T-type calcium channels. We examined the change in
mRNA distribution for each gene by ISH. Cacna1gwas ex-
pressed by the cortex and the thalamus (Fig. 7A), and
Cacna1h and Cacna1i transcripts were expressed in the
cortex and the TRN of controls (Fig. 7B and C), as re-
ported by the Allen Brain Atlas. ArchT expression did
not change the mRNA distribution pattern. In particular,
ArchT expression did not induce Cacna1h and Cacna1i
mRNA in the thalamus.

We used quantitative RT-PCR to detect mRNA expres-
sion changes in the thalamus and the cortex. We did not de-
tect any increase in Cav mRNA levels (Fig. 7D). These
negative data indicate that alterations in Cav mRNA expres-
sion levels could not account for the ethosuximide-sensitive

component of cortical and thalamic hyperactivity. Taken to-
gether, ArchT expression in TRN PV-positive cells resulted
in both thalamic and cortical hyperactivation. This hyperac-
tivation was normalized by a Cav blocker, ethosuximide,
but we did not observe a Cav gain of function at the tran-
scriptional level.

SWDs were dose- and
time-dependently induced by
ArchT-GFP expression
PV-ArchT mice might serve as a novel animal model of ab-
sence seizures. The dosage and timing of ArchT expression
in our transgenic mouse are DOX-controllable. Therefore,
we asked the following questions: (i) Is the childhood-onset
absence seizure phenotype rescued by the removal of toxic
ArchT? and (ii) does induction of ArchT in adulthood pro-
duce the absence seizure phenotype?

To address the reversibility of the disease phenotype, we
switched the diet of PV-ArchT mice from normal chow to
DOX-containing chow at P60 and maintained the mice on
this DOX chow thereafter. DOX administration turned off

Figure 2 PV-ArchT mice show abnormal EEG. (A) Cortical EEG traces. Top: control; bottom three traces: PV-ArchT mice aged 2
months. EEG of PV-ArchT mice often included epileptiform discharges (blue traces). (B) Spectrograms of the power of EEG for controls and
PV-ArchT. The dashed lines indicate the individual data, and the solid lines with shaded area indicate the mean+ SEM. PV-ArchT mice aged 2
months showed high theta power (4–11 Hz, purple highlighted, unpaired t-test, t10= 2.799, P= 0.005). (C) Typical shapes of epileptiform
discharges in PV-ArchT mice.
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Figure 3 Characterization of SWD in PV-ArchTmice. (A) PV-ArchT mice aged.2 months exhibited SWDs (red traces) and other types
of epileptiform discharges (blue traces). (B) The EEG power of SWD events was significantly higher than that of baseline (4–11 Hz, paired t-test,
t7= 2.32, P= 0.03). (C) Age-dependent shows the worsen of SWDs events (SWDs; red traces). (D) Line plots show a significant increase in SWD
duration (left panel) and frequencies (right panel) with age from P60 to P150 [one-way ANOVA, duration: n= 5 mice; F(3,12)= 23, P= 2× 10−5;
frequency: n= 5 mice; F(3,12)= 30, P= 7× 10−6] from P60 to P150. (E) Line plots show no changes of high theta power with age from P60 and
P150 [one-way ANOVA, n= 5 mice: F(3,812)= 0.01, P= 0.999].
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ArchT-GFP induction (Fig. 1A) and the population of GFP/
PV double-positive cells was markedly reduced (2.7+ 1.5%
at P150; Fig. 8B) compared with that in mice fed by normal
chow (72+ 3.2%; Fig. 8A). Along with the reduced ArchT
levels, within-subject SWDs disappeared gradually 2 months
after DOX initiation, demonstrating that the disease pheno-
type is reversible in PV-ArchT mice.

DOX completely suppressed ArchT in mice receiving
DOX throughout their whole lives (Fig. 8C), and unsurpris-
ingly, ArchT was never expressed in the TRN and SWDs
even at 5 months of age in PV-ArchT mice. In this same
group of mice, when we expressed ArchT in PV-positive cells
by switching to normal chow at P60, ArchT expression
gradually increased and the population of GFP/PV double-
positive cells reached 41+ 5.1% (n= 3 mice) at P150. In
the DOX on-to-off regimen (Fig. 8D), after 2 months of in-
duction, we observed typical SWDs (red traces,
Supplementary Fig. 2A). Although tTA-mediated ArchT in-
duction (Fig. 8D) and AAV-mediated ArchT expression
(Fig. 5) are different gene expression systems, these data
lead to the same conclusion that adult ArchT expression in
TRN PV-positive cells induced SWDs.

Discussion
This study describes a new transgenic mouse, PV-ArchT,
that met the validity requirements (face and predictive) of

an animal model of absence seizures. This mouse model ex-
hibits the ability to switch SWDs on and off at different ages
under the control of a DOX diet. It is generally understood
that the mechanism of SWDs involves abnormalities be-
tween the cortex and thalamus, and the TRN is considered
a pacemaker that propagates the seizures. However, our
study supports the hypothesis that TRN-centred dysfunction
per se is sufficient to induce SWDs and that the TRN is not
simply a modulator. On the other hand, although rebound
bursts of the TRN are important to propagate SWDs,
PV-ArchT mice exhibited SWDs with impaired in burst fir-
ing. Finally, our experiments supported the acute effective-
ness of ethosuximide on SWDs, possibly through action in
the cortex and thalamus since T-current in the TRN was im-
paired. In humans, the mechanism of how SWDs are abol-
ished after puberty is unclear and thus, our mouse model
will be useful in future studies seeking to understand this
phenomenon.

The PV-ArchT mouse is a new model
of absence seizure, fulfilling criteria
for face and predictive validities
Our new PV-ArchT transgenic mouse exhibited EEG/EMG
patterns associated with the behavioural arrest and the mi-
micked absence seizure-like SWDs. These findings indicate

Video 1 PV-ArchT mice exhibited SWDs. The mouse exhibited a behavioral arrest associated with SWDs. The black arrow indicates the
end of SWDs, and the mouse resumed the behavior.
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that PV-ArchT mice met the validity criteria required for a
successful animal model of human disease.27

In this section, we discuss how the face and predictive va-
lidities are fulfilled by PV-ArchT mice and propose that they
can serve as a new animal model of absence seizure. Face va-
lidity for absence seizure requires that seizures in the mouse
model show similar EEG signs and behavioural features as
seizures in humans, while predictive validity requires that
the pharmacological effects are similar between seizures in
the mouse model and humans. PV-ArchT mice exhibited
spontaneous, cortical 7–11 Hz SWDs that were bilateral
and associated with behavioural arrest. Also, ethosuximide
had a significant effect that decreased SWDs events of
PV-ArchT mice. Despite these validity-based similarities of

PV-ArchT mice and human seizures, there are some differ-
ences compared with human absence seizures. In humans,
SWDs are �3 Hz, but in PV-ArchT mice, the SWD fre-
quency is 7–11 Hz. Moreover, absence seizure is character-
istically a childhood disease, which may disappear after
mid-adolescence in humans, but in PV-ArchT mice, SWDs
are controlled at any age by expressing ArchT in a
DOX-controllable manner.

Our PV-ArchT mice are similar to two existing genetic rat
models that are validated for absence seizure28: Wistar
Albino Glaxo Rijswijk (WAG-Rij) and Genetic Absence
Epilepsy Rat from Strasbourg (GAERs) rats. Both the
PV-ArchT mice and rats share the feature of 7–10 Hz
SWDs associated with behavioural arrest. But in the genetic

Figure 4 PV-ArchT mice exhibited an absence seizure phenotype. Cortical EEG and EMG in PV-ArchT mice at P90 (A) and P120 (B).
Both ages show SWDs (red traces) and other types of epileptiform discharges (blue traces). SWD events (98.8% from 85 SWDs at P90 and 91.5%
from 150 SWDs at P120) were associated with low EMG amplitude. (C) Before (top) and after (bottom) administering ethosuximide to PV-ArchT
mice (3–6 months). Ethosuximide abolished SWDs (before 23+ 7.6/h versus after treatment 1.8+ 0.7/h, n= 4 mice). (D) Before (top) and after
(bottom) baclofen administration. Baclofen increased the frequency (before 32+ 9.7/h versus after treatment 63+ 15/h, n= 4 mice). (E) Line
plots (left panel) show a significant decrease and an increase in SWD frequency after ethosuximide and baclofen administration, respectively
(ethosuximide: paired t-test, t3= 2.9, P= 0.03; baclofen: paired t-test, t3= 2.4, P= 0.02). A line plot (right panel) shows significantly increased
duration after baclofen (2.3+ 0.8 versus 6.2+ 2.4 s, paired t-test, t3= 2.4, P= 0.04). (F) Line plots (left panel) show no changes of the theta
power after ethosuximide (paired t-test, t3=−1.54, P= 0.164). The line plots (right panel) show significantly decreased high theta power after
baclofen (paired t-test, t3= 2.21, P= 0.038).
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Figure 5 ArchT expression in the TRN-induced SWDs. (A) A strategy of ArchT-GFP expression only in the TRN. PV-Cre mice were
injected with AAV carrying CAG-DIO-ArchT-GFP, resulting in ArchT-GFP expression in TRN PV-positive cells (n= 4 mice). (B) AAV injection
targeted the middle portion of the dotted line of TRN. Scale bar, 200 μm. (C) Confocal images showing the localization of ArchT-GFP signals
(green) and PV signals (magenta). Scale bar, 20 μm. (D–F) Cortical EEG waveforms after the virus injection. (D) Cortical EEG traces at 7 days (top
grey) and 30 days (bottom black) after virus injection. The line plots show increased theta power 30 days after virus injection (paired t-test, t3=
−2.34, P= 0.019). (E) Cortical EEG at 60 days after virus injection show epileptiform discharges (blue traces). (F) Baclofen administration
significantly induced typical SWDs (red traces) with epileptiform discharges (blue traces). (G) Line plots show increased frequency (left panel) and
duration (middle panel) of epileptiform discharges after baclofen administration (frequency: before 2.5+ 1.2/h versus after 13+ 4.1/h, paired
t-test, t3= 2.35, P= 0.04; duration: before 1.7+ 0.6 versus after 2.7+ 0.9 s, paired t-test, t3= 2.35, P= 0.04); and right panel shows no changes
of high theta power (paired t-test, t3= 1.9, P= 0.265).
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WAG-Rij and GAERs rat models, SWDs sometimes asso-
ciated with abnormal behaviours such as head-tilting and
vibrissa- and eye-twitching. Moreover, the onset of SWDs
differed between the rat models. SWDs occur at the ages

of 30, 140 and 60 days for GAERs rats, WAG/Rij rats
and PV-ArchT mice, respectively. As we mentioned before,
SWDs in PV-ArchTmice are controllable but, in the rat, gen-
etic models, they persist throughout life.

Figure 6 ArchT expression in the TRN impaired rebound bursting and T-current. (A) Representative traces of rebound burst firing
in PV neurons following hyperpolarization from PV-ArchT mouse brain slices (top trace, 13 cells with single bursts; middle trace, 4 cells did not
evoke burst firing) and from controls (bottom trace, 10 cells evoked burst firing). The data were from three PV-ArchT mice and three controls.
Neurons were injected with negative current (−0.5 nA) to induce hyperpolarization to−112 mV. Scale indicates 0.5 s and 40 mV. (B) Number of
rebound bursts after hyperpolarization (10 cells from 3 control and 20 cells from 3 PV-ArchT mice). (C) Number of action potentials (APs) in the
first burst (10 cells from control and 20 cells from PV-ArchT). (D) Duration required for first bursts to evoke action potentials (10 cells from 3
mice control and 16 cells from 3 PV-ArchT). (E) Frequency of APs from first bursts. (F) T-current was evoked by hyperpolarizing steps (500ms,
ranging from −110 to −50 mV, with 10 mV increments) in PV-ArchT (top trace) and control (bottom trace). Inset shows an example trace of the
light-evoked response from a PV-ArchT neuron at a holding potential of−80 mV (G) T-current amplitude. Data are shown as mean+ SEM. *P,
0.05 and ***,0.01, unpaired t-test comparing PV-ArchT and control groups.
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Figure 7 Cells expressing T-type Ca2+++++ channel mRNA transcripts in PV-ArchT mouse brains compared with controls. ISH of
T-type Ca2+ channel transcripts is shown. Left, PV-ArchT; right, control. (A) Cav3.1 (Cacna1g) was expressed in all cortical layers and in the
thalamus, but not in the TRN. (B) Cav3.2 (Cacna1h) was strongly expressed in Layer V and in the TRN. (C) Cav3.3 (Cacna1i) was found in all
layers of the cortex and in the TRN. The inset of the black square shows the magnification of the cortex, and the inset of the white square shows
the magnification of the thalamus and TRN. Note that the expression of T-type Ca2+ channel transcripts did not show difference in the cortex,
thalamus and TRN comparing PV-ArchT with the control (n= 4 mice). (D) Graphs show transcript levels, as measured with quantitative RT-PCR,
of the three types of T-type Ca2+ channels in the cortex and thalamus. No significant changes between PV-ArchT and control, respectively
(Cav3.1; 0.72+ 0.11 versus 1+ 0.14; Cav3.2; 0.96+ 0.07 versus 1+ 0.05; Cav 3.3; 0.94+ 0.09 versus 1+ 0.05; Cav3.1 of the thalamus
0.79+ 0.16 versus 1+ 0.07, n= 3 mice for each group). Data are shown as mean+ SEM.
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Several spontaneousmutantmice exhibit SWDs and are con-
sidered absence seizure model mice.29 Those mutants include
the so-called tottering (Cacna1atg), ducky (Cacna2d2du),
stargazer (Cacng2stg), lethargic (Cacnb4lh) and slow-wave
epilepsy (Slc9a1swe) mice. All mutants start to exhibit ataxia
and absence seizure from P14 to 35, typically with a fre-
quency of 5–7 Hz,18,30 except for the slow-wave epilepsy
mice (1–3 Hz).31 PV-ArchT mice strongly expressed
ArchT in the cerebellar Purkinje cells (Fig. 1); however,
the cerebellar function seemed to be spared and they did
not show ataxia. The absence of ataxia in PV-ArchT mice
is distinct from the spontaneous mutant mouse models. As
we mentioned before, SWDs in PV-ArchT mice are control-
lable, but, in both rat and mouse genetic models, they per-
sist throughout life.

Do cortical SWDs require the
rebound excitation of TRN
PV-positive neurons?
Rebound excitation in TRN neurons is mediated by T-type
Ca2+ channels.32,33 Three isoforms of T-type Ca2+ channels
are expressed throughout the thalamo-cortico-thalamic net-
work: Cav3.1, Cav3.2 and Cav3.3, with 3.2 and 3.3 being
dominant in the TRN.34 These isoforms are considered to
cause SWDs.35 Human studies reported that a mutation of
TRN-expressing T-type Ca2+ channels is associated with ab-
sence seizures.36 A Cav3.2 mutant was observed in Chinese
patients suffering from absence seizures. The cellular func-
tion of the Cav3.2 mutant provides increasing the activity
of T-current. To study the Cav3.3 isoform, Cav3.3−/−

mice were used and it was found that they had a complete
loss of burst firing in the TRN, indicating that SWDs were
abolished.37,38 In other words, T-current plays a significant
role in the induction of SWDs by rebound burst firing.

Lee’s group did not find any evidence that burst firing in
the TRN is required for the generation of SWDs. They gen-
erated double knockout mice of Cav3.2 and Cav3.3 and de-
monstrated the complete abolishment of rebound bursts in
TRN neurons. Even when the TRN had a loss of rebound
bursts, the systemic injection of gamma-butyrolactone
(GBL, a pharmacological animal model of absence seizure)
still induced SWDs. Moreover, GBL-induced SWDs were
highly sensitive to the T-type Ca2+ channel blocker, etho-
suximide.35 Instead, they found increased tonic firing in
TRN neurons due to the loss of rebound bursts and pro-
posed that tonic firing in TRN neurons may mediate the
TC rhythm more efficiently.

Our PV-ArchT mice share a similarity with the Cav3.2
and Cav3.3 double knockout phenotype. PV-ArchT mice
showed an impairment, but not a complete loss, of rebound
bursts and showed spontaneous SWD formation (but not
GBL-induced SWDs), and ethosuximide treatment abol-
ished these spontaneous SWDs. We did not examine tonic
firing in TRN neurons of PV-ArchT mice, and therefore,
we cannot propose the same pathophysiological mechanism

leading to spontaneous SWD generation as proposed for the
Cav3.2 and Cav3.3 double knockout mice. However, the
shared therapeutic effects of ethosuximide on SWDs may
give us some hints regarding the mechanism of ethosuxi-
mide, as well as provide insights into the development of
new drugs for the treatment of absence seizure. We exam-
ined T-type Ca2+ channel mRNA distribution and levels
and found no alteration in either by ArchT expression
(Fig. 7), indicating that PV-ArchT mice did not exhibit com-
pensatory responses at the transcriptional level to the im-
paired rebound bursts. Therefore, it will be necessary to
examine post-translational alterations of T-type Ca2+ chan-
nels such as protein levels or membrane trafficking to eluci-
date the pathophysiology of SWD generation in line with
ethosuximide effectiveness.

The mechanisms of increased SWDs with reduced TRN
neuronal burst firing and reduced T-current in TRN
PV-positive neurons remain unclear. This suggests a mechan-
ism other than increased T-current may account for the SWD
generation. The absence seizure phenotype induced by ArchT
expression in the TRN provided a new perspective; however,
we note that a single study cannot fully elucidate the entire me-
chanism. One plausible idea is that impaired function of inhi-
bitory neurons could remove inhibition from other neurons,
thereby causing them to become hyperexcitable and hypersyn-
chronized. This secondary hyperexcitability could include
both other inhibitory neurons (e.g. other TRN neurons, which
could drive abnormal rhythms in thalamic relay neurons), as
well as excitatory neurons (e.g. in the cortex, disinhibited by
the pathology of ArchT-expressing cortical neurons). Future
studies inspired by the idea abovewill be able to clarify theme-
chanisms underlying absence seizure.

Time-controllable ArchT expression
The absence seizure-like phenotype persists throughout life
in existing genetic animal models. In humans, absence sei-
zures usually start between 4 and 15 years of age and often
disappear naturally by mid-adolescence. The reason why ab-
sence seizures naturally regress is not totally known, and
therefore, animal models mimicking this regression would
be helpful to address this gap. Using a model of time-
controllable ArchT expression, we demonstrated that the re-
moval of ArchT resulted in the regression of SWDs (Fig. 8).
These data indicate that the absence seizure phenotype is re-
versible in both humans and animal models and that a nat-
ural regression would be mediated by the disappearance of
the disease’s cause. Most cases of human absence seizure
are idiopathic, and therefore, it is possible that the transient
(�years) dysfunction in the cortico-thalamo-cortico path-
way, including of the TRN, may cause absence seizure
with natural regression in humans.

Another interesting point is the continuum of theta os-
cillation and SWDs. We observed that a high-power theta
rhythm was the dominant rhythm in the cortical EEG of
PV-ArchT mice compared with controls. We found a pre-
cedent expression of high-power theta rhythm after both
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Figure 8 SWDs were dose- and time-dependently induced by ArchT. Summary graphs (left) showing the feeding regimen (DOX or
normal chow) and the corresponding level of ArchT-GFP expression; charts (middle) presenting the average SWDs/h; and IHC images (right) of
the TRN showing GFP (green, representing ArchT) in PV neurons (magenta) and the merged image of the two, scale bar, 200 μm. (A) Mice under
a normal chow their entire lives (n= 4 mice). (B) Mice with neonatal induction of ArchT (27+ 3.8 times/h, P60, n= 4 mice). (C) Mice under
DOX chow their entire lives (n= 3 mice). (D) Mice with adult induction of ArchT (9.1+ 0.9 times/h, n= 3 mice). Data are shown as mean+
SEM. *P, 0.05 based on paired t-tests comparing two time points.
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virus-mediated (Fig. 5) and DOX regimen-mediated
(Supplementary Fig. 2A-2C) ArchT induction. In the case
of ArchT elimination by the DOX-off-to-on regimen, a re-
duction in theta rhythm power followed the disappearance
of epileptiform discharges (Supplementary Fig. 2B). These
data indicate that the high-power theta rhythm was depend-
ent on the existence of ArchT in TRN, the lower level of
ArchT expression was sufficient to induce high-power theta
rhythm and a higher level of ArchT expression was required
to induce epileptiform discharges.

TRN is believed to engage in the generation of delta
waves9,39 and sleep spindles,9,40,41 but to our knowledge, there
has been no report showing TRN dysfunction causes high-
power theta waves. Despite the lack of association between
TRN and theta rhythm, we may link them indirectly from
the following evidence: TRN controls attention.16 Knockout
of the TRN-selective expressing gene, Ptchd1, induces an
attention deficit hyperactivity disorder (ADHD)-like phe-
notype. Knockout of the ADHD-associated (but ubiqui-
tously expressed) gene, Git1, results in an ADHD phenotype
in mice that exhibits enhanced theta rhythms.42 ADHD
patients exhibit increased power of theta rhythm.43,44

Investigation of the potential link between high-power
theta rhythm, TRN dysfunction and ADHD phenotype
in TRN-related disease is warranted.
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