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SUPPLEMENTAL FIGURES 1 

 

Figure S1. Properties of neurons from WT or Best1 KO mice. Related to Figure 1 

(A) Representative immunohistochemistry image of Best1 in VB of WT or Best1 KO mice. (B) Western blot image (left) 

and bar-graph (right) of Best1 expression from thalamic samples of WT or Best1 KO mice (WT: N=3, 100±17.01, KO: 

N=3, 1.548±0.176). N indicates animal number. (C) Representative traces of GBZ-sensitive tonic current either from 

WT or Best1 KO mice in the absence of ionotropic glutamate receptor blockers. (D) Quantification of GBZ-sensitive 

tonic GABA currents from each group (WT: N=3/n=10, 0.5893± 0.0786, KO: N=3/n=10, 0.2747± 0.0294) (E-H) GATs 
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uptake extracellular GABA to reduce tonic current. (E) Representative traces of tonic GABA currents with application 

of nipecotic acide (NPA), a non-specific GATs blocker. (F) Quantification of GBZ-sensitive tonic GABA currents from 

each group. (WT: N=7/n=13, 0.5139±0.0871, WT-NPA: N=6/n=8, 1.488±0.212, KO: N=9/n=13, 0.1629±0.0353, KO-

NPA: N=5/n=7, 0.7916±0.140) (G) Representative traces of tonic GABA currents with application of NO711 (10 μM) 

and/or SNAP5114 (100 μM) which are GAT1 and GAT3 blockers, respectively. (H) Quantification of GBZ-sensitive 

tonic GABA currents from each group. (NO711: N=6/n=12, 0.2511±0.0575, SNAP5114: N=6/n=12, 0.2494±0.0487, 

NO711+SNAP5114: N=4/n=12, 1.508±0.6522) We found that the inhibition of GAT1, GAT3, or both induced increase 

of tonic GABA, indicating that GATs are actively clearing up ambient GABA from exterior to interior of the cells (G,H). 

There was an increase of tonic GABA current by application of either NO711 or SNAP5114, showing that both GAT1 

and GAT3 clear ambient tonic GABA to reduce tonic GABA current. Furthermore, the co-treatment of SNAP5114 and 

NO711 induced a larger tonic GABA current than sum of increment (Δcurrent) by each blocker indicating that the GABA 

transporters work cross-complementarily. Additionally, while the increase of tonic GABA current by NPA in Best1 KO 

was lower than that in WT, the effect of NPA in relative terms from basal was similar (i.e. three-fold of basal), showing 

that GATs’ intrinsic transporting activity is independent of Best1 KO. (I) Representative trace of tonic current induced 

by various GABA concentrations from a TC neuron of Best1 KO mouse. (J) GABA-response curve of Best1 KO mice. 

Inset: calculation of basal GABA concentration. Calculated GABA concentration was about 3.5 μM. Data are 

represented as mean ± SEM. All the numbers in the figure refer to number of cells unless otherwise clarified. 
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Figure S2. Experimental strategy and cell-type specificity of pSico-Red virus. Related to Figures 1, 2, 5, 6, 7 

(A) Schematic of virus dual injection to ventrobasal (VB) nucleus of thalamus. Detailed injection protocol is in materials 

and method section. (B) Schematic of construction and fluorescent protein expression of pSico-Red-infected cells. The 

general construction strategy for pSico-Red is described in a previous publication (Jung et al., 2016). Without Cre 

recombinase (Cre-), infected cells express both mCherry and EGFP, while stop codon hinder the expression of shRNA. 

In the presence of Cre recombinase (Cre+), excision of EGFP and the stop codon between loxP sites leads to 

expression of shRNA. Together, we can visually identify gene-silencing by absence of EGFP signal in mCherry-

expressing cells. (C) Representative confocal images of VB cells injected with hAldh1l1-Cre and pSico-Red-shDAO 

viruses. Arrows indicate Cre-negative cells which express both mCherry and EGFP. Arrowheads indicate Cre-positive 

cells with only mCherry signal. Note that mCherry(+)/EGFP(+) cells are NeuN-positive while mCherry(+)/EGFP(-) cells 

are co-localized with s100β which is a marker protein of astrocytes. Scale bar, 20µm. (D) Quantification of cell 

population. Among the mCherry-positive cells, few of NeuN-negative cells were GFP-positive. (E) Representative 

confocal images of VB cells injected with CaMKlla-Cre and pSico-Red-shDAO viruses. Arrow indicates Cre-negative 

cells which express both mCherry and EGFP. Arrowhead indicates Cre-positive cells with only mCherry signal. Note 
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that mCherry(+)/EGFP(+) cells are s100β-positive while mCherry(+)/EGFP(-) cells are co-localized with NeuN. Scale 

bar, 10µm. (F) Quantification of cell population. Among the mCherry-positive cells, few of NeuN-negative cells were 

GFP-negative. This result shows that gene-silencing is performed in Cre-specific manner. All the numbers in the figure 

refer to number of cells unless otherwise clarified.  
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Figure S3. Primary culture of thalamic astrocyte and its characterization compared to primary hippocampal 

astrocyte. Immunostaining of GAD67/65. Cross-inhibition test with DAO, MAO-B and Aldh inhibitors. Related 

to Figures 1 and 2 

(A) Dissection of thalamus (blue) and hippocampus (red) from the brain of P1~3 pups. (B) Immunocytochemistry images 

of thalamic astrocytes. Green: Aldh1l1 staining; Red: GABA staining. (C) Images of hippocampal and thalamic 
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astrocytes. (D) Relative mRNA expression of Aldh1l1 and PAR1 gene in thalamic astrocytes, compared to hippocampal 

astrocytes. (Hippo-Aldh1l1: N=4, 1.0±0.068, Thal-Aldh1l1: N=4, 1.571±0.346, Hippo-PAR1: N=4, 1.0±0.101, Thal-

PAR1: N=4, 1.479±0.197) (E) Representative Ca2+ responses by TFLLR application, and the averaged response 

(colored bold trace) in hippocampal and thalamic astrocytes. (F) Averaged peak of Ca2+ responses by TFLLR 

application in hippocampal and thalamic astrocytes. (Hippo: n=207, 0.1272±0.0065, Thal: n=174, 0.1103±0.0063) (G) 

The percentage of TFLLR-responsive cells in hippocampal and thalamic astrocytes. (H) Immunostaining images of 

GAD67/65 in Aldh1l1-EGFP mouse. Confocal images show that GAD67/65 is absent in both NeuN-positive and EGFP-

positive area. Certain number of GAD-positive dots seem to be localized in GABAergic axon terminals from thalamic 

reticular nucleus (TRN). (I) Z-stack analysis also shows no co-localization of GAD with either NeuN or EGFP. (J) 

Structures of selegiline (irreversible MAO-B inhibitor), safinamide (reversible MAO-B inhibitor), aminoguanidine 

(reversible DAO inhibitor) and 4-Diethylaminobenzaldehyde (reversible Aldh family inhibitor). (K) Principle of AR/HRP 

assay for MAO-B or DAO enzyme activity assay. (L) Dose-response curve of the inhibitors on rhMAOB enzyme activity. 

(M) Dose-response curve of the inhibitors on rhDAO enzyme activity. Data are represented as mean ± SEM. All the 

numbers in the figure refer to number of cells unless otherwise clarified.  
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Figure S4. DAO-dependent GABA synthesis of thalamic astrocyte. Generation of Aldh1l1-CreERT2 x RCL-

tdTomato mouse. Related to Figure 3 

(A) Representative immunocytochemistry images in each condition. Green: Aldh1l1 staining; Red: GABA staining. (B) 

Summary of Aldh1l1 intensity from each condition. (vehicle: n=135, 1484±70.72, selegiline: n=186, 1355±59.60, 

aminoguanidine: n=168, 1310±53.87, GABA incubation: n=190, 1664±62.67) (C) Summary of GABA intensity from 

each condition. (vehicle: n=135, 65.04±7.643, selegiline: n=186, 64.72±6.124, aminoguanidine: n=167, 41.37±4.936, 

GABA incubation: n=190, 561.1±31.09) (D) Relative mRNA expression of DAO, Aldh1a1 and MAOB gene in thalamic 

astrocytes, compared to hippocampal astrocytes. (E) Aldh1l1-CreERT2 mouse was crossed with reporter line, Ai14 

(RCL-tdTomato) mouse. To activate CreERT2, tamoxifen (100mg/kg/day) was administered with intraperitoneal 
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injection for five days. (F) Immunohistochemistry images in thalamic VB. Inset: Quantification of tdTomato+ population 

with S100β+, NeuN+ and S100β-/NeuN- cells in thalamic VB area. Data are represented as mean ± SEM. All the 

numbers in the figure refer to number of cells unless otherwise clarified.
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Figure S5. Signaling pathway of NE-dependent tonic current release from thalamic astrocytes and GABA-

independent NE effects on thalamic neurons. Related to Figure 4 

(A-F) Signaling pathway of NE-dependent tonic GABA increase. (A) Representative traces of NE-dependent tonic 

current increase with or without prazosin (PZS) (B) Bar-graph of NE-dependent tonic current increase. (C) 

Representative traces of PE-dependent tonic current increase in WT or KO mice. (NE: N=7/n=9, 0.1707±0.0642, 

PZS-NE: N=3/n=10, -0.0264±0.035) (D) Bar-graph of PE-dependent tonic current increase. (PE: N=5/n=9, 
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0.2395±0.0567, KO-PE: N=5/n=12, 0.0687±0.0306) (E) Representative traces of PE-dependent tonic current 

increase with or without U73122, a selective PLC inhibitor. (F) Bar-graph of PE-dependent tonic current increase 

with or without PLC blockade. (DMSO: N=2/n=8, 0.1203± 0.0219, U73122: N=2/n=8, -0.00636±0.0325) (A,B) NE-

induced increase of tonic GABA was blocked by 10 μM prazosin (PZS), a selective inhibitor of α1-adrenoreceptor. 

(C,D) Application of 10 μM phenylephrine (PE), a selective agonist of α1-adrenoreceptor, mimicked the NE-induced 

increase of tonic GABA. (E,F) The tonic GABA increase by PE was abolished by pre-incubation of PLC inhibition, 

indicating that NE-dependent release of tonic GABA is mainly via α1-adrenoreceptor-PLC signaling pathway. (G) 

Representative traces of spike generation induced by 100 pA-current injection in the presence or absence of GBZ, 

CGP55845, a GABAB receptor selective antagonist and NE. Note that in the presence of GBZ and CGP, application 

of NE depolarizes the resting membrane potential (RMP) and firing rate. (H) Bar-graph of membrane resistance. 

(I) Bar-graph of RMP. (J) Bar-graph of normalized firing rate. (K,L) Correlation of ΔRMP and normalized firing rate. 

Data are represented as mean ± SEM. All the numbers in the figure refer to number of cells unless otherwise 

clarified. 
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Figure S6. Effect of tonic GABA on the population synchrony. Related to Figure 5 

(A) Schematic illustration (left) and dose-response curve (right) of the GABA receptors expressed in thalamic 

neurons based on previous reports. (B) Three representative traces and spike timings from each group. Note that 

neuron 2 and neuron 3 of THIP group have no synchronized spike at all, because of occasional failure of spike 

generation. (C) Representative cross-correlogram from each group. The normalized cross-correlogram was 

obtained by dividing the spike cross-correlogram by square-root (N1
2+N2

2), where N1 and N2 are the spike count of 

cross-correlation pair. There are more spikes within -7.5 to +7.5 ms in low tonic GABA condition (shDAO). In 
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contrast, in THIP group, some pairs show a synchronous firing with very small jitter (THIP-1) whereas other pairs 

did not show any synchrony at all (THIP-2). This type of pair with no spike pair within 10 ms window has never 

been observed in aCSF and shDAO group. (D) Synchrony matrices of individual neuronal pairs. (E) Bar-graph of 

synchrony. (shDAO: n=171, 1.041±0.0193, aCSF: n=91, 0.902±0.0309, THIP: n=276, 0.57±0.0132) n indicates 

spike pair count. To quantitatively show whether tonic GABA increases synchronization regardless the total number 

of spikes, we adopted cross-correlogram-based analysis of synchronization as previously described . Briefly, the 

area under cross-correlogram between the given synchrony window (red box, in this case ±7.5 ms). We found that 

the synchrony is lower in high tonic GABAAR conductance group (THIP). In summary, we observed that under 

THIP condition synaptic pair’s synchrony is enhanced in some pairs but not in others, whereas under shDAO 

condition overall synchrony among multiple pairs was enhanced, implying that tonic GABA increases the acuity by 

enhancing temporal fidelity in some pairs while filtering out the signal transmission in other pairs. Data are 

represented as mean ± SEM.  
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Figure S7. Synaptically-elicited responses of TC neurons. Related to Figures 5 and 7 
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(A) Representative traces of EPSCs evoked by lemniscal paired-pulse stimulation with 100 ms inter-stimul

us-interval. (B) Summary graph of paired-pulse ratio by various intervals. (C) Representative traces of dep

olarizing membrane potential by 100 Hz stimulation train with 200 μA intensity. (D) Quantification of mem

brane potential at varying stimuli numbers. (E) Representative traces of spikes and after depolarization du

ring and after 100 Hz stimulation. Inset: Representative traces of after depolarization. Levels of after depo

larization were analyzed at 0.17s after the start of stimulation train. The analysis point is indicated with a 

red dashed line. (F) Bar-graph of after depolarization. (shDAO: n=18, 12.09±1.687, aCSF: n=16, 7.956±1.5

96, THIP: n=12, 2.454±0.5143, TTX: n=3, 0.0833±0.1286) (G) Schematic working model of tonic GABA in 

thalamus. Data are represented as mean ± SEM. All the numbers in the figure refer to number of cells u

nless otherwise clarified. 


