
INTRODUCTION

Absence seizures refer to nonconvulsive status epilepticus 
(NCSE) caused by abnormal synchronized oscillations in the thal-
amocortical (TC) circuit, which result in widespread spike-and-
wave discharges (SWDs) on electroencephalography (EEG) along 
with impairment of consciousness [1]. Symptomatically, there are 
two essential diagnostic components of absence seizures, behav-

ioral arrest during the clinical ictal state, with severe impairment of 
consciousness, and signs of SWDs on EEG that spread throughout 
the brain [2]. The frequency of hypersynchrony ranges from 2.5 to 
4 Hz, gradually decreasing over time, and the seizures usually last 
for up to 15~20 s [3]. The age of onset ranges from 4 and 7 years [4], 
and cognitive impairment can develop if a diagnosis is not made 
in a timely manner [5, 6]. In most cases, absence seizures disappear 
during adolescence. However, they sometimes progress to longer 
or more intense seizures, which can be prevented by earlier diag-
nosis and treatment [7, 8]. Therefore, understanding the cellular 
mechanisms and identifying genetic risk factors underlying the 
pathogenesis of absence epilepsies are necessary for the develop-
ment of appropriate diagnostic and therapeutic tools [9].

The thalamic reticular nucleus (TRN) plays a significant role in 
controlling TC circuits and SWD generations. The TRN is a shell-
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like structure comprising GABAergic neurons that cover most of 
the rostral, lateral, and ventral parts of the thalamus [10] and pro-
vide major inhibitory synaptic input to the TC neurons [11, 12]. 
TRN neurons generate two distinctive patterns of action potential 
firings, tonic and burst. Tonic modulation of the TRN has been 
implicated in the genesis of absence seizures [13, 14]. Moreover, 
rhythmic burst firing mediated by T-type channels in TRN neu-
rons is critical for the generation of TC oscillations during SWDs 
[2, 15, 16]. More importantly, a recent study suggested that altered 
intrinsic excitability of TRN neurons and disruption of TRN–
TRN synaptic inhibition are sufficient to regulate thalamic and 
cortical network synchrony and generate absence seizures [14]. 
Therefore, TRN neurons can serve as a central modulator of TC 
network states and of absence seizure generation.

The Plcβ1  enzyme that catalyzes the formation of inositol 
1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) from phos-
phatidylinositol 4,5-bisphosphate (PIP2). This reaction requires 
calcium as a cofactor and activates multiple signaling pathways 
and gene expression changes [17, 18]. Plcβ1 is expressed through-
out cortical layers II~VI of the brain and is preferentially expressed 
in the TRN of the thalamus [19-21]. It plays an important role in 
modulating diverse developmental and functional aspects of the 
central nervous system. Likewise, Plcβ1  deficiency is associated 
with human epilepsy during infancy and childhood. Although dif-
ferent cases show distinct characteristic phenotypes, most patients 
with Plcβ1 deficiency show the five common features of early-on-
set epileptic encephalopathy (EOEE): (1) seizure onset in infancy 
and seizures heralded by an arrest of activity followed by staring; (2) 
pharmacoresistant seizures; (3) abnormalities on EEG; (4) neuro-
logical/developmental regression associated with seizures; and (5) 
long-term cognitive and motor neurodevelopmental impairment 
[22-24]. Preclinical studies have consistently shown that Plcβ1 
homozygous knockout (KO) mice exhibit early-onset severe tonic 
seizures and growth retardation [25]. These clinical and preclinical 
studies have suggested an important function of Plcβ1  in early-
onset epilepsy, including absence seizures.

In this study, we found that Plcβ1 deficiency generated spontane-
ous complex types of seizures, including convulsive and absence 
seizures. Interestingly, the TRN-specific deletion of Plcβ1  gener-
ated only spontaneous SWDs, leading to the development of 
absence seizures. Slice patch recording demonstrated that both the 
tonic and burst firing of TRN neurons were significantly reduced 
in Plcβ1 -/- mice. Altogether, the results of our study not only sug-
gest a novel role of Plcβ1 in the TRN underlying the generation of 
SWDs but also offer guidance for the development of diagnostic 
and therapeutic tools for absence epilepsy.

MATERIALS AND METHODS

Animals

The mice were housed at room temperature (22℃), fed ad 
libitum and maintained under a 12 h light/dark cycle. For slice re-
cording, mice were used at the age of 20-28 days, while ~16-week-
old male mice were used for EEG recording. A C57BL/6J inbred 
glutamate decarboxylase 65 (GAD2)-green fluorescence protein 
(GFP) knock-in line was imported from Jackson Laboratory (JAX 
Mice and Services, Bar Harbor, ME, USA). Adult male Plcβ1 -/- 
and wild-type littermate mice on a B6×129 F1 background were 
obtained by mating parental-strain C57BL/6J (N18-20) Plcβ1 +/- 
mice and 129S4/SvJae (N18-20) Plcβ1 +/- mice. The Plcβ1 +/-/
GAD65GFP tg mice were maintained on the129S4/SvJae and 
C57BL/6 genetic backgrounds and mated to derive the following 
F1 progeny: B6129 Plcβ1 +/-/GAD65GFP tg, B6129 Plcβ1 +/-/GAD-
65GFP tg, and B6129 Plcβ1 -/-/GAD65GFP tg. The GFP genotypes 
were determined by direct visualization of fluorescence at the age 
of 1~4 days. Genotypes were determined by PCR analysis using 
the primers listed in Supplementary Table 1. Plcβ1  conditional 
knockout (cKO, Plcβ1 f/f, N18-20) was validated by PCR analysis. 
SST-ires-Cre  mice were obtained from the Korean Institute for 
Science and Technology [26, 27]. Animal care and handling were 
performed in accordance with the guidelines of the Institutional 
Animal Care and Use Committee of the Institute for Basic Sci-
ence (IBS).

EEG electrode implantation and recording

Skull surface screw electrodes for EEG recording were implanted 
at the following coordinates in mice under 16 weeks of age that 
were anesthetized with ketamine using a stereotaxic device (David 
Kopf Instruments): anteroposterior (AP), -1.5 mm; mediolateral 
(ML), +1.5 mm; AP, -1.3 mm; and ML, +1.3 mm. The ground elec-
trode was implanted in the skull above the occipital region of the 
brain. For EMG signal recording, a Teflon-coated tungsten elec-
trode was inserted into the neck muscle to record postural tone. 
The animals were allowed to fully recover for 7 days before the 
experiments. We recorded EEG and EMG signals in all the groups 
using a monopolar setting in real time (sampling frequency, 500 
Hz). EEG activity was recorded for 60 min using a pClamp10. All 
EEGs were acquired using an analog amplifier (8~16℃, Grass 
Technologies) and digitized by an analog-digital converter (Axon 
Digidata 1320A, Molecular Devices). Each signal was band-pass 
filtered using a digital Butterworth filter with a cutoff frequency of 
0.5 and 30 Hz.
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EEG data analysis and SWD criteria

We classified SWDs based on two criteria: (1) the amplitude 
of SWDs was required to be greater than twice the amplitude 
of EEG waveforms observed during the awake state, and (2) the 
duration of SWDs was required to be at least 0.5 s. pClamp10 and 
MATLAB were utilized to detect SWDs based on the amplitudes, 
peak-to-peak periods, and shapes of EEG signals. We applied a 
resolution of 250 ms and a frequency range of 2~7 Hz for detec-
tion. Waveforms with a low total power and non-SWD harmonic 
and high-frequency content were filtered automatically. Temporal 
spectrograms were obtained by filtering the signals with a second-
order Butterworth infinite impulse response (IIR) via a high-pass 
filter with a cutoff frequency before fast Fourier transformation. 
The power spectrum was normalized frequency-wise from the 
mean baseline power density estimated between the first and tenth 
minute of the baseline recording. In this study, we mainly focused 
on the role of PLCβ1 in absence seizures, so we attempted to ex-
clude EEG recordings during convulsive seizures to analyze and 
carefully examine SWDs.

AAV-shRNA construct design and virus strains

To design the AAV-shPlcβ1  vector for the knockdown (KD) 
experiment, we used the previously verified target sequence 
5’-CCTCCAGTGAGGAGA-TAGAAA-3’. The scrambled shRNA 
(shSCR) sequence 5’AATCGCATAGCGTATGCCGTT-3’ was 
used to construct a nontargeting control virus [28]. AAV-mCherry 
was determined to have a titer of 3.92×1010 genome copies per 
milliliter (GC/ml). To conditionally knock out the Plcβ1 gene in 
floxed Plcβ1 mice, the AAV9.hSyn.HI.GFP-Cre.WPRE. SV40 virus 
(University of Pennsylvania) was used. The control virus (AAV9.
hSyn.eGFP.WPRE.bGH) was also injected into floxed Plcβ1 mice.

Viral vector and CTB injection

In in vivo tests for selective Plcβ1  KD and cKO, AAV vectors 
concentrated to high titers (3.92×1010 GC/ml) were prepared 
and microinjected bilaterally into the ventromedial (vm) TRN 
region (anteroposterior/mediolateral/dorsoventral (AP/ML/
DV) -1.10/±1.80/-3.00 mm) with a pressure injection tool (Parker 
Hannifin Corp., Picospritzer III). The retrograde tracer CTB (0.5% 
diluted in distilled water; List Biological) was injected by ionto-
phoresis (7/7 s on/off duty cycle, 1 µA) into the VB regions (AP/
ML/DV, -1.45/+1.60/-3.60 mm).

Immunohistochemistry

Immunohistochemistr y analysis was performed as de-
scribed previously [13] using the following primary antibod-
ies: anti-PLCβ1 (mouse, 1:300; Santa Cruz), anti-PV (mouse, 

1:3,000~5,000; Swant, 235) and anti-cholera toxin-B subunit (goat, 
1:20,000~30,000). The secondary antibodies included Alexa 488, 
Cy3, and Cy5 (1:500, Jackson ImmunoResearch), and images were 
captured using a confocal laser scanning system (Nikon).

Brain slice preparation

Slice preparation was performed as described previously [13]. 
For patch-clamp recordings, 20- to 28-day-old mouse brains were 
quickly removed and placed in carbogen-equilibrated ice-cold 
slicing solution containing 2.5 mM KCl, 10 mM MgSO4, 1.25 mM 
NaH2PO4, 24 mM NaHCO3, 0.5 mM CaCl2-2H2O, 11 mM glu-
cose, and 234 mM sucrose. From dorsal to ventral, 270-μm-thick 
brain slices containing the TRN region were selectively collected 
and incubated in an ACSF solution containing 125 mM NaCl, 2.5 
mM KCl, 5 mM MgSO4, 1.25 mM NaH2PO4, 26 mM NaHCO3, 3 
mM CaCl2-2H2O, and 25 mM glucose for 30 min before record-
ing.

Electrophysiology

In K+-based whole-cell current clamp mode, the intrinsic firing 
properties were measured in recording solutions comprising 125 
mM NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 1.25 mM NaH2PO4, 26 
mM NaHCO3, 2 mM CaCl2-2H2O, and 25 mM glucose [310~320 
mOsm/L] bubbled with 95% (vol/vol) O2/5% (vol/vol) CO2 at 
36℃. The solution heater was used to maintain the temperature at 
36℃ during recording solution perfusion. Recording electrodes 
were pulled from fabricated standard-wall borosilicate glass 
capillary tubes (G150F-4: outer diameter (OD), 1.50 mm; inner 
diameter (ID), 0.86 mm; Warner Instruments) and had a 4~7 MΩ 
tip resistance when filled with an intracellular solution contain-
ing 140 mM K-gluconate, 0.1 mM CaCl2, 1 mM MgCl2, 10 mM 
HEPES, 0.02 mM EGTA, and 4 mM Mg-ATP [(pH 7.2) 300~310 
mOsm/L]. Recordings of Ca2+ currents in intact TRN neurons in 
slices were performed as described previously. Brain slices were 
superfused with a bathing solution containing 120 mM NaCl, 20 
mM tetraethylammonium (TEA)-Cl, 5 mM CsCl, 3 mM KCl, 2 
mM MgCl2, 10 mM HEPES, 2.5 mM CaCl2-2H2O, 1 mM 4-amino 
pyridine (4-AP), and 0.001 mM tetrodotoxin (TTX) bubbled with 
95% O2/5% CO2 at 36℃. The electrode solution contained 117 
mM Cs-gluconate, 13 mM KCl, 10 mM TEA-Cl, 1 mM MgCl2, 0.07 
mM CaCl2-2H2O, 10 mM HEPES, 10 mM 1,2-bis(o-amino phe-
noxy)ethane-N,N’,N’-tetraacetic acid, 4 mM Mg-ATP, and 0.3 Na-
GTP; the pH was adjusted to 7.35 with CsOH, and the osmolarity 
was adjusted to 290 mosmol/L.

The series resistance compensation function (>60%) was used 
routinely, with a final access resistance of ~30 MΩ. The currents 
were corrected for capacitive currents and leak currents using 
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a P/4 leak subtraction protocol. Twenty to thirty minutes were 
required to achieve acceptable perforation, with final series resis-
tances ranging from 15 to 30 MΩ. The membrane holding poten-
tial was -60 mV unless otherwise specified.

Statistical analysis

Data acquisition and analysis were performed using pClamp10, 
MATLAB (MathWorks) and GraphPad Prism (GraphPad Soft-
ware, San Diego, USA) in combination. We performed one-way 
repeated ANOVA and Bonferroni post hoc analysis of the elec-
trophysiological experimental results using comparisons between 
groups and within-subject repeated conditions, including the tem-
poral evolution of SWD density (i.e., main factors of group and 
time and Group×Time interaction). Large (>10 mice) and small 
sample size comparisons were performed using the two-tailed Stu-
dent’s t test and Wilcoxon rank-sum test, respectively. All data are 
presented as the mean±SEM unless stated otherwise.

RESULTS

Plcβ1-deficient mice exhibit complex abnormal EEG  

patterns

To understand the role of Plcβ1 in absence seizures, we utilized 
F1 (C57BL/6J×129S4/SvJae) Plcβ1 -/- (F1 Plcβ1 -/-) mice that show 
normal survival. We measured EEG and EMG signals from F1 
Plcβ1 -/- mice to detect neural activity and found that F1 Plcβ1 -/- 
mice exhibited a mixture of abnormally synchronized oscillations 
on EEG with spontaneous absence seizures. In additional behav-
ioral analyses (data not shown), F1 Plcβ1 -/- mice show absence 
seizures as well as convulsive seizures. Thus, we tried to avoid 
the EEG recordings during convulsive seizures. The EEG power 
spectrogram exhibited high power spectrum density (PSD) in the 
0~10 Hz frequency range (Fig. 1A). The peak spectral power of F1 
Plcβ1 -/- SWD events occurred at 3.5 Hz (Fig. 1B). Absence seizures 
detectable on the EEG pattern of SWDs occurred 130±8 times per 
hour, with an average duration of 1.5±0.2 s per minute. Behavior 
was monitored by EMG signals, and low EMG signals in Plcβ1 KO 
mice were observed during SWDs, indicating the absence of sei-
zure generation (Fig. 1C, D). Next, we assessed the effect of etho-
suximide (ETX), a known anti-absence epilepsy drug [29, 30], on 
our model. The SWDs in F1 Plcβ1 -/- mice decreased substantially 
after the i.p. injection of ETX (200 mg/kg, 78.5±9 times), whereas 
injection of saline had no effect (140±7 times) (Fig. 1E). Altogether, 
F1 Plcβ1 -/- mice exhibit complex abnormal EEG patterns. Next, we 
explored the specific brain regions involved in the generation of 
SWDs caused by Plcβ1 deficiency.

Selective Plcβ1 deletion in the ventromedial TRN induces 

absence seizures

To separate the role of Plcβ1 in absence seizures from convulsive 
seizures, we focused on the TRN, a central modulator of TC net-
work states and of absence seizure generation. Importantly, Plcβ1 
is highly expressed in this brain region. First, to confirm the ana-
tomical projection pattern of TRN neurons to TC relay nuclei, we 
injected cholera toxin subunit B (CTB) 488, a retrograde dye, into 
the ventrobasal (VB) region (Fig. 2A), including the ventropostero-
medial (VPM) and ventroposterolateral (VPL) regions, to identify 
input signals from the TRN [10]. Because the majority of TRN 
neurons are parvalbumin (PV)- and somatostatin (SST)-positive, 
we used PV immunostaining [31, 32] and Sst-Cre;Ai14 mice for 
precise validation within the TRN to examine the cell type–spe-
cific projections of TRN neurons to the VB thalamus. We detected 
CTB-488 signals mainly in the vmTRN three days after injection 
(Fig. 2B), indicating that vmTRN neurons send inhibitory projec-
tions to TC neurons in the VB [10]. Moreover, approximately 50% 
of the CTB-488-positive cells in the vmTRN expressed both PV 
and SST, indicating that no distinct cell types projected from the 
vmTRN to TC neurons in the VB region (Fig. 2C). 

To specifically delete Plcβ1 in the vmTRN, we injected an AAV 
vector expressing Cre recombinase into the vmTRN of B6 Plcβ1 
conditional knockout (cKO) mice (Plcβ1 cKO). The mice injected 
with GFP control expression vectors were used as a control group 
(Fig. 2D). Immunohistochemistry staining confirmed the dele-
tion of Plcβ1 in the vmTRNs of Plcβ1 cKO mice (Fig. 2D). Three 
weeks after the injection, the mice in both groups underwent EEG 
recording for 14 successive days. Unlike the Plcβ1 -/- group, which 
exhibited PSD in the 0~12 Hz frequency range, the Plcβ1  cKO 
group exhibited low PSD at 5~12 Hz (Fig. 2E, F). The remaining 
EEG power in the 0~5 Hz frequency range indicated only SWDs 
in the Plcβ1  cKO group (Fig. 2G). The number and duration of 
SWDs in the Plcβ1  cKO group were significantly higher than 
those in the control group but were still similar to those in the 
Plcβ1 -/- group. In the Plcβ1  cKO group, 153±8 SWDs occurred 
every hour, and the average duration was 1.7±0.2 s per minute. 
There was no significant difference in the number of SWDs 
among Plcβ1 +/+, Plcβ1 +/-, and GFP control mice (GFP). Notably, 
the numbers of SWDs between Plcβ1 -/- and cKO mice were simi-
lar, indicating that the specific deletion of Plcβ1  in the vmTRN 
was sufficient to induce SWDs (Fig. 2H). Plcβ1 cKO mice did not 
show convulsive seizures (data not shown).

With another strategy to confirm the selective role of Plcβ1  in 
the vmTRN in absence seizure generation, shRNA targeting Plcβ1 
or scrambled control (pAAV2-sh Plcβ1 -mCherry or pAAV2-
scram-mCherry) were injected into the vmTRN of F1 mice to 
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knock down Plcβ1 expression locally (Fig. 3A). Similarly, the Plcβ1 
KD group exhibited low PSD at 5~12 Hz (Fig. 3B). The remaining 
EEG power in the 0~5 Hz frequency range indicated only SWDs 
in the Plcβ1 KD group (Fig. 3B, C). The KD mice exhibited a peak 
frequency at 3.25 Hz (Fig. 3D). The number of SWDs in KD mice 
was similar to those in Plcβ1 -/- and cKO mice, confirming that the 

specific deletion of Plcβ1 in the vmTRNs of mice on either the B6 
or F1 background was sufficient to induce SWDs (Fig. 3E). Plcβ1 
KD mice did not show convulsive seizures (data not shown).

Fig. 1. Plcβ1-deficient mice exhibit complex abnormal EEG patterns. (A) Average EEG power spectrograms of Plcβ1 +/+ and Plcβ1 -/- mice during a 20 
min recording. (B) Power analysis of spontaneous SWDs in Plcβ1 -/- mice showed a peak frequency at 3.5 Hz. (C) Representative EEG and EMG traces 
from Plcβ1 +/+ and Plcβ1 -/- mice. Synchronized SWDs were observed in the frontal cortices of Plcβ1 -/- mice. (D) Summary graphs of the total numbers 
(left) and average durations (right) of SWDs in Plcβ1 +/+ and Plcβ1 -/- mice; two-tailed Student’s t test. (E) Comparison of the number of SWDs before and 
after ETX administration. Data are presented as the mean±SEM (n.sp>0.05, *p<0.001, **p<0.05; two-tailed Student’s paired t test). For all data, n=8 for the 
control group and n=12 for the Plcβ1 -/- group.
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Fig. 2. Selective Plcβ1 deletion in the ventromedial (vm) TRN induces absence seizures. (A) Left, schematic depiction of CTB injection. Right, PV 
and SST immunostaining at the CTB injection site. The white boundary represents the anterior TRN. Scale bar, 50 µm. (B) Left, retrograde labeling of 
neurons projecting from the vmTRN to TC neurons. Right, PV and SST immunostaining of CTB signals in the vmTRN (inside white boundary). Scale 
bar, 50 µm. (C) Population of PV- and SST-expressing cells in vmTRN neurons. The left square represents CTB-negative neurons, and the right square 
represents CTB-positive neurons (D) The expression of PLCβ1 was not affected by the injection of AAV-control (GFP) into the vmTRN regions (upper). 
The expression of PLCβ1 was greatly reduced by the injection of AAV-syn-cre into the vmTRN regions of B6 Plcβ1 conditional knockout mice (cKO) 
(lower). Scale bar: 50 µm. (E) Average EEG power spectrogram of cKO mice. The red square indicates the 5~15 Hz frequency range. (F) Power analysis 
in spectrogram. Plcβ1 -/- mice showed a peak frequency at 3.5 Hz, and Plcβ cKO mice showed a peak frequency at 3.2 Hz. The red block indicate the dis-
appearance of the frequency range (5~12 Hz). (G) Representative EEG and EMG traces from Plcβ1 -/- and cKO mice. (H) Summary graphs of the total 
numbers (left) and average durations (right) of SWDs in Plcβ1 +/+ (n=8), +/- (n=10), -/-(n=12), GFP (n=9), and cKO (n=10) mice. The values in the Plcβ1 +/+, 
Plcβ1 +/- and GFP groups did not significantly differ from each other. The values in the Plcβ1 -/- and cKO groups did not significantly differ from each 
other, while those in the Plcβ1 -/- and cKO groups were significantly different from those in the Plcβ1 +/+, Plcβ1 +/- and GFP groups. The data are presented 
as the mean±SEM, one-way ANOVA, ***p<0.001, post hoc (Bonferroni). 



122 www.enjournal.org https://doi.org/10.5607/en22007

Bomi Chang, et al.

Both tonic and burst firings of the vmTRN are decreased in 

Plcβ1-/- mice

To determine whether the intrinsic properties of TRN neurons 
were altered upon deletion of the Plcβ1 gene, generation of action 
potentials (APs) in response to current injection were measured 
using patch-clamp recordings. TRN neurons control the state of 
consciousness by generating distinctive patterns of AP firing, namely, 
tonic and burst firing. We generated Gad65-GFP tg; Plcβ1 -/- mice to 
visualize the Gad65-positive neurons in the vmTRN for patch-clamp 
recordings (Fig. 4A). For the tonic firing pattern, depolarizing current 

steps (10 pA increments, ten steps, 1 s duration) were injected from a 
holding potential of -60 mV close to the resting membrane potential 
(Fig. 4B). We found that the frequency of tonic firings was signifi-
cantly reduced in Plcβ1-/- mice compared to wild-type mice (Fig. 4C). 
The spike height, spike half-width, and action potential threshold 
measured from the response to current steps were changed, consis-
tent with a decrease in neuron excitability (Fig. 4D~F). Other passive 
electrical membrane properties of TRN neurons, including input 
resistance (Ri), membrane resistance (Rm), and resting membrane po-
tential (Vm), did not differ between the mutant and wild-type groups 

Fig. 3. Selective knockdown (KD) of Plcβ1 in the vmTRN induces absence seizures. (A) Scheme of selective KD of Plcβ1 in the vmTRN. Left, vmTRN 
injection site (AP -1.1, ML ±1.8, DV -3.0). Right, schematic representation of the targeting vector for KD virus. Bottom, microinjection of the AAV-
shPlcβ1 -mCherry virus into the vmTRNs of GAD65GFP transgenic mice. Scale bar, 50 µm. (B) Average EEG power spectrograms of Plcβ1 +/- and 
Plcβ1 KD mice. (C) Representative EEG and EMG traces from Plcβ1 KD mice. (D) Power analysis of spontaneous SWDs. Plcβ1 KD mice showed a 
peak frequency at 3.25 Hz. (E) Summary graphs of the total numbers (left) and average durations (right) of SWDs in scrambled (n=9), and Plcβ1 KD 
(n=13) mice. The values in the KD group was significantly different from in the SC group. The data are presented as the mean±SEM, one-way ANOVA, 
***p<0.001, post hoc (Bonferroni).
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(Fig. 4G~I). Of the recorded TRN neurons, only data from inhibitory 
neurons with a membrane capacitance of less than 60 pF were ana-
lyzed [33].

For the burst firing pattern, in acute brain slices, the current in-
jection hyperpolarized the membrane potential to -100 mV and 
followed by subsequent burst firing patterns (Fig. 5A). In Plcβ1 -/- 

mice, both the total number of burst events and the number of burst 
spikes were significantly decreased compared to those in the wild-
type mice (Fig. 5B, C). The spike height and action potential thresh-
old did not differ between the mutant and wild-type groups (Fig. 5D, 
E). Taken together, these results demonstrated that both tonic and 
burst firings were significantly decreased in Plcβ1 -/- mice, indicating 

Fig. 4. Tonic firing of the vmTRN is decreased in Plcβ1 -/- mice. (A) Recording of vmTRN neurons from Gad65-GFPtg; Plcβ1 +/+ or Gad65-GFPtg; Plcβ1 -/- 
mice. (B) Representative traces of tonic firings in Plcβ1 +/+ (left) and Plcβ1 -/- (right) vmTRN neurons. (C) Average number of tonic firings with different cur-
rent pulses in Plcβ1 +/+ and Plcβ1 -/- vmTRN neurons. (D) AP peak height: 92.5±2.0 and 80.8±2.0 mV in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, ****p<0.0001. 
(E) AP 1/2 width: 0.55±0.2 and 0.75±0.2 ms in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, ****p<0.0001. (F) AP threshold: -46.3±0.6 and -40.4±0.6 mV in 
Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, ****p<0.0001. (G) Input resistance: 316.63±42 and 364.7±42 MΩ in Plcβ1 +/+ and Plcβ1 -/-, two-tailed, n.s. p=0.25. (H) 
Membrane resistance: 860.4±136 and 718±136 MΩ in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, n.s. p=0.30. (I) Resting membrane potential: -65.8±1.1 and 
64.8±1.1 mV in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, n.s. p=0.38. All data are presented as the mean±SEM.
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that the deletion of Plcβ1 reduced the excitability of TRN neurons.

Neither LVA nor HVA Ca2+ currents are altered in the  

vmTRNs of Plcβ1-/- mice

To understand the cellular mechanism underlying the decrease 
in TRN excitability in Plcβ1 -/- mice, we investigated the possible 
role of calcium channels. T-type calcium channels in TRN and 
TC neurons are implicated in the generation of absence seizures 
[13]. We prepared acute brain slices for whole-cell voltage-clamp 

recording in the TRN neurons of Plcβ1 -/- and wild-type mice 
between 21 and 28 days of age. High-voltage–activated (HVA) 
inward Ca2+ currents were evoked by depolarizing voltage steps 
from a holding potential of -60 mV to test potentials ranging from 
-50 mV to +40 mV (Fig. 6A) [34, 35]. Under these conditions, most 
low-voltage–activated (LVA) Ca2+ channels should have remained 
inactivated. The peak current density at each test potential did not 
differ in the TRN neurons of Plcβ1 -/- mice compared to those of 
wild-type mice. There was no significant difference in the normal-

Fig. 5. Burst firing of the vmTRN is decreased in Plcβ1 -/- mice. (A) Firing characteristics of Plcβ1 +/+ (left three traces) and Plcβ1 -/- (right three traces) 
vmTRN neurons. (B) Number of burst spikes: 21.2±3 and 13.1±3 times in Plcβ1 +/+ and Plcβ1 -/-, two-tailed, **p<0.009. (C) Number of burst events: 2.2±0.3 
and 1.4±0.3 times in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, *p<0.01. (D) AP spike height: 71.0±2.5 and 73.3±2.5 mV in Plcβ1 +/+ and Plcβ1 -/- mice, two-
tailed, n.s. p=0.36. (E) AP threshold potential: -35.5±1.2 and -36.6±1.2 mV in Plcβ1 +/+ and Plcβ1 -/- mice, two-tailed, n.s. p=0.37. All data are presented as the 
mean±SEM.
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Fig. 6. Neither LVA nor HVA Ca2+ currents were changed in the vmTRNs of Plcβ1 -/- mice. (A) Protocol for activating HVA Ca2+ channels (upper) and 
representative traces of HVA Ca2+ currents in Plcβ1 +/+ (middle) and Plcβ1 -/- (lower) vmTRN neurons. (B) Summary graph of the normalized HVA cur-
rent density (+/+, n=16, 9 mice; -/-, n=16, 6 mice). Two-tailed t test, n.s. p>0.92. (C) Protocol for activating LVA Ca2+ channels (upper) and representative 
traces of LVA Ca2+ currents in Plcβ1 +/+ (middle) and Plcβ1 -/- (lower) vmTRN neurons. (D) Summary graph of the normalized LVA current density (+/+, 
n=31, 11 mice; -/-, n=17, 6 mice). Two-tailed t test, n.s. p>0.68. (E) LVA Ca2+ current rise time (left) and decay times (right) with in Plcβ1 +/+ and Plcβ1 -/- 
mice. (F) Average fAHPs and (G) average mAHPs in Plcβ1 +/+ and Plcβ1 -/- vmTRN neurons (+/+, n=30, 10 mice; -/-, n=15, 5 mice). Two-way ANOVA; 
multiple pairwise comparisons with a Bonferroni correction.
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ized I~V curves between the two groups (Fig. 6B). These results 
indicate that HVA Ca2+ channels (L, P/Q-type) are not affected by 
the deletion of Plcβ1 in the TRN.

Next, to assess LVA calcium currents, the TRN neurons were 
held at -60 mV as the resting membrane potential and deactivated 
by a hyperpolarizing prepulse step at -100 mV, followed by activa-
tion steps ranging from -90 to -40 mV. These steps activated LVA 
Ca2+ channels and induced the fast-inactivating current of T-type 
Ca2+ channels (Fig. 6C) [36]. The normalized I~V curves were un-
changed by the peak density of a fast-inactivating current evoked 
at test potentials ranging from -90 to -40 mV in the TRN neurons 
of Plcβ1 -/- mice compared to wild-type TRN neurons (Fig. 6D). 
We also observed LVA Ca2+ current decay times and rise time with 
wild and mutant mice. As a result, there was no significant differ-
ence between the two groups (Fig. 6E). These results imply that 
Plcβ1 is not required for the activation of LVA Ca2+ currents. The 
conductance of calcium-activated potassium ion channels as well 
as low-threshold T-type calcium ion channels play an important 
role in TRN postinhibitory rebound bursts [37, 38] Thus, we fo-
cused on calcium-activated potassium conductance in the TRN 
neurons of Plcβ1 -/- and wild-type mice. We determined whether 
the changes in SK and BK channels affected the action potential 
frequency by performing after hyperpolarization (AHP) analysis. 
The amplitude of fast AHP (fAHP) is caused by the activation of 
Ca2+-activated large K+ channels (BK channels), which play an im-
portant role in the repolarization of membrane potential after an 
action potential. These values did not significantly differ between 
Plcβ1 -/- and wild-type neurons (Fig. 6F). Then, we examined the 
amplitude of the medium AHP (mAHP) caused by activation of 
Ca2+-activated small K+ channels (SK channels) and observed that 
mAHPs also did not differ in the mutant mice (Fig. 6G), indicating 
that Ca2+dependent K+ channels in the TRN neurons of Plcβ1 -/- 
mice were normal. These results suggest that LVA and HVA Ca2+ 
currents are not involved in the reduced excitability of vmTRN 
neurons in Plcβ1 -/- mice.

DISCUSSION

Plcβ1 deficiency is known to be associated with childhood epi-
leptic encephalopathy, including absence seizures [23]. However, 
how and in which brain regions Plcβ1 potentially plays a role in 
absence seizures were previously unknown. Our study revealed 
that the specific deletion of Plcβ1  in the TRN is sufficient to 
generate absence seizures. In addition, the loss of Plcβ1 function 
regulates the intrinsic excitability of TRN neurons in both tonic 
and burst firing modes, leading to cortex EEG signals and sponta-
neous absence seizures. This suggests that reductions in both tonic 

and burst firings in the TRN are concomitant with the induction 
of SWDs. We also found that the reduced tonic and burst firings 
were not mediated by the altered activity of low-threshold calcium 
channels or calcium-activated potassium ion channels. Taken 
together, our data suggest that Plcβ1 deletion has unique mecha-
nisms that modulate tonic and burst firing modes. This finding is 
the first clear demonstration of the role of Plcβ1 in TRN neurons 
in absence seizure generation.

The patients with Plcβ1  deficiency also had infantile spasms 
[24]. Hypsarrhythmia is the most common interictal EEG pattern 
associated with infantile spasms [39]. Hypsarrhythmia consists 
of chaotic, high-amplitude, mixed slow and sharp wave activity, 
sometimes combined with very fast oscillations (typically >70 
Hz), which can be easily confused with SWDs in absence seizures 
[40, 41]. Therefore, in this study, we carefully examined EEG and 
EMG data to distinguish absence seizures from hypsarrhythmia. 
Regarding the EEG signals, our criteria for SWD included fre-
quency as well as duration, amplitude, and peak-to-peak period. In 
addition, we carefully investigated the high frequency band after 
the event because hypsarrhythmia is often accompanied by tran-
sient fast gamma rhythms [42]. We found no transient fast gamma 
rhythms in Plcβ1 knockout mice. Regarding the EMG signals, we 
found that Plcβ1 knockout mice had reduced EMG signals during 
SWDs and did not show a rhomboid-shaped burst signal dur-
ing or after absence seizures that differed from the EMG patterns 
found in infantile spasms [39]. Moreover, we did not observe an 
outward extension of the arms, a behavioral hallmark of infantile 
spasms [43], whereas we did find an arrest behavior indicative of 
absence seizures. In addition, EEG data obtained during sleep were 
excluded from the analysis because hypsarrhythmia is more likely 
to occur during NREM sleep [44]. Overall, we strongly believe that 
the criteria based on EEG and EMG signals to detect SWDs can 
distinguish between hypsarrhythmia and absence seizures and 
that the SWDs observed in this study represent only absence sei-
zures.

Previous studies have demonstrated that patients with the Plcβ1 
gene may have a complex epileptic phenotype [22, 24]. A murine 
model of Plcβ1 -/- presented with early generalized seizures and 
death, underscoring the role of Plcβ1 in normal neuronal develop-
ment and function [28]. More interestingly, in our study, whole-
body Plcβ1  KO mice on an F1 (B6jx129S4/SvJae) background, 
which show normal survival, exhibited complex-type seizures, 
including convulsive and absence seizures. However, when we 
specifically knocked down Plcβ1 in the TRN, only SWDs, the hall-
mark of absence seizures, were observed. These data indicate that 
absence seizures associated with Plcβ1 deficiency in humans may 
be closely related to PLCβ1 expression in the TRN. Convulsive 
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seizures in Plcβ1 -/- mice may have been generated by other brain 
regions, such as the hippocampus, rather than the TRN. Indeed, it 
has been reported that the loss of Plcβ1 function using transgene 
insertion in mice caused late-onset epileptic symptoms with aber-
rant mossy fiber sprouting in the hippocampus [45], where Plcβ1 
is highly expressed. Additionally, there is no direct projection from 
the TRN to the hippocampus. However, although there are no 
reports of a role of the TRN in convulsive seizures, the possibility 
of indirect regulation of the TRN in the hypersynchrony in the 
temporal lobe cannot be ruled out, and further investigation is 
needed. Taken together, our epilepsy model associated with the 
Plcβ1 mutation establishes a path for further studies on the more 
detailed pathological causes of absence seizures in humans. Fur-
thermore, here we report that the lack of Plcβ1 in the TRN triggers 
the generation of absence seizures. For clinicians, such advances in 
genetic diagnosis can be highly beneficial.

Previously, we reported Plcβ4-deficient mice as a potential 
animal model for absence seizures [30, 46]. In terms of absence 
seizures, either Plcβ1 or Plcβ4 deficiency leads to absence seizures. 
Therefore, PLCβ1 and PLCβ4 are important for inducing absence 
seizures. However, there are clear differences between the two 
models in terms of brain targets and underlying mechanisms. In 
the thalamocortical circuit, PLCβ1 is mainly expressed in TRN 
neurons, whereas PLCβ4 is highly expressed in TC neurons [30]. 
Another important difference is that PLCβ4 modulates TC firing 
modes through simultaneous regulation of T- and L-type Ca2+ 
currents in TC neurons [34]. However, in the current study, we 
found no changes in T- and L-type Ca2+ currents in TRN neurons 
of Plcβ1 -/- mice, indicating that PLCβ1 employs distinct cellular 
mechanisms to generate absence seizures. These data suggested 
that PLCβ1 and PLCβ4 modulate different downstream signaling 
pathways and targets to induce SWDs. Importantly, it is known 
that PLCβ1 and PLCβ4 utilize distinct signaling pathways by bind-
ing to specific types of receptors, such as the muscarinic receptor 
and type I metabotropic glutamate receptor 1 (mGluR1), respec-
tively. For example, Plcβ1 -/- mice exhibit major deficiencies in mus-
carinic-mediated PIP2 turnover without alterations in mGluR1-
PIP2 turnover and show major developmental impairment and 
seizures through a loss of cortical developmental plasticity. In 
contrast, Plcβ4-/- mice have major deficits in mGluR1-mediated 
PIP2 turnover and induce several forms of neuroplasticity, such as 
developmental pruning of cerebellar ascending fibers, cerebellar 
LTD (long-term depression) induction), and forms of neuropathic 
pain [47]. Taken together, PLCβ1 in the TRN may modulate the 
neuronal excitability of TRN neurons through a unique cellular 
mechanism to induce absence seizures.

We observed reduced quantities of tonic firing in the TRN neu-

rons of Plcβ1 -/- mice. More importantly, in the same cells, we also 
found reduced burst firing. TRN bursts have long been implicated 
in the synchronization of and maintenance of thalamocortical 
oscillations, leading to spike-and-wave discharges (SWDs) [15, 
16]. This view has been challenged by our previous study suggest-
ing that enhanced TRN tonic firing in the absence of bursts in 
mice with Cav3.3  KO or specific KD in the TRN is sufficient to 
generate SWDs, indicating the essential role of TRN tonic firing 
in the absence of TRN bursts for the absence seizure generation 
[13]. Another recent study by Makinson et al. [14] showed that 
reduced tonic firing without any alterations in burst firing in the 
TRNs of Scn8a -/- mice was associated with the absence of seizure 
generation confirming the role of tonic firing in TRN for absence 
seizure generation. Although discrepancies exist regarding the 
tonic firing behaviors of the TRN in each genetic mouse model 
(Cav3.3 -/- and Scn8a -/-) during absence seizure generation, we 
speculate that changes in the intrinsic excitability of the TRN are 
the most essential components for the modulation of TC circuit 
synchrony and the generation of absence seizures. However, the 
mechanisms by which the different tonic firing behaviors of TRN 
neurons from different genetic models (increased in Cav3.3 -/- and 
decreased in Scn8a -/-) lead to absence seizures remains unknown, 
and further studies are necessary to address this question.

Voltage-gated Ca2+ channels (VGCCs) and calcium-activated po-
tassium channels play critical roles in the excitability of TRN neu-
rons [13, 48]. Furthermore, LVA T-type calcium channels in par-
ticular are considered a key mechanism underlying the generation 
of burst firing [49]. In this study, we unexpectedly found that the 
properties of VGCCs and calcium-activated potassium channels 
were not altered in Plcβ1 -/- TRN neurons, indicating that the reduc-
tions in tonic and burst firing in Plcβ1 -/- KO mice were not due to 
changes in the activities of these calcium channels and potassium 
channels. Thus, we speculate that the TRN may promote absence 
seizures by blocking the voltage-gated sodium channels (VGSCs) 
associated with Plcβ1. A recent study reported that the loss of the 
sodium channel Scn8a  (NaV1.6 ) from TRN cells preferentially 
impaired the excitation of action potentials (APs) and led to ab-
sence seizures [14]. Therefore, it is important to determine whether 
SCN8A plays any role in the reduced tonic firing in Plcβ1 -/- mice.

Overall, while Plcβ1  deficiency is known to be associated with 
childhood absence seizures, our study is the first to show that 
Plcβ1 in the TRN plays an essential role in generating absence sei-
zures in mice. Our results also revealed that the deletion of Plcβ1 
regulates the intrinsic excitability of TRN neurons. Therefore, in 
the future, understanding TRN-specific excitability via the control 
of tonic firing may be necessary to identify the mechanisms by 
which seizures are generated. Moreover, studying downstream 
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signaling molecules associated with Plcβ1 may allow the identifi-
cation of new targets for the treatment of absence seizures. These 
results highlight the previously unrealized importance of Plcβ1 in 
the TRN for the generation of absence seizures.
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