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A B S T R A C T   

Objective: Isoliquiritigenin (ILTG) is a chalcone compound that exhibits hypnotic effects via 
gamma-aminobutyric acid type A (GABAA) receptors. The ventrolateral preoptic area (VLPO) is a 
sleep-promoting center that contains a large number of GABA-releasing cells. There are two cell 
types in the VLPO: one generates a low-threshold spike (LTS), whereas the other lacks an LTS 
(non-LTS). 
Method: Whole-cell patch-clamp technology was used to detect the firing and currents of LTS and 
non-LTS cells in the VLPO. 
Results: Bath administration of ILTG (10 μM) increased the firing rate of VLPO LTS cells, reversed 
by flumazenil (5 μM), a GABAA benzodiazepine site antagonist. However, the firing rate of VLPO 
non-LTS cells was inhibited by ILTG (10 μM), also reversed by flumazenil (5 μM). No differences 
were detected regarding resting membrane potential (RMP) amplitude, spike threshold, after-
hyperpolarization (AHP) amplitude, or action potential duration (APD50) after ILTG (10 μM) 
perfusion in VLPO LTS cells. RMP amplitude was more hyperpolarized and spike threshold was 
higher after ILTG (10 μM) application in VLPO non-LTS cells. In addition, ILTG significantly 
reduced the frequency of miniature inhibitory postsynaptic currents (mIPSCs) in VLPO LTS cells. 
ILTG significantly increased the amplitude of mIPSCs in VLPO non-LTS cells. 
Conclusions: This study revealed that ILTG suppresses presynaptic GABA release on VLPO LTS 
cells, thereby increasing their excitability. ILTG enhances postsynaptic GABAA receptor function 
on VLPO non-LTS cells, thereby decreasing their excitability. These results suggest that ILTG may 
produce hypnotic effects by modulating the GABAergic synaptic transmission properties of these 
two cell types.   
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1. Introduction 

Isoliquiritigenin (ILTG) is a chalcone compound widely found in plants such as glycyrrhiza and peanut stems [1,2]. ILTG has many 
potent pharmacological effects, including being anticancer, anti-inflammatory, and antiallergic [3–5]. Additionally, ILTG exhibits 
many neurological functions, including neuroprotective, and antioxidant functions, possibly by acting on vasopressin V1A, dopamine 
D1, and D3 receptors [6–8]. Also, anxieties caused by persistent nicotine withdrawal symptoms are suppressed by ILTG [9,10]. It has 
been reported that high concentrations of anxiolytic-containing compounds may have hypnotic effects [11]. According to Cho et al., 
ILTG exerts hypnotic effects by gamma-aminobutyric acid type A (GABAA) receptors [12]. Studies have indicated that ILTG has a 
potential role in modulating GABAergic synaptic transmission [12,13]. However, the influence of ILTG on the cells of the ventrolateral 
preoptic area (VLPO) remains unclear. 

The VLPO plays an irreplaceable role in sleep-wake regulation, mainly by promoting non-rapid eye movement (NREM) sleep 
[14–17]. In addition, electrophysiological recordings have indicated that two cell types are present in the VLPO [18,19]. 
Low-threshold spike (LTS) is a characteristic of LTS cells, which account for approximately two-thirds of the VLPO and exhibit a 
multipolar triangular morphology [18,19]. Studies have shown that LTS cells exhibit sleep-promoting effects [18–20]. Moreover, most 
of the LTS cells co-release GABA and galanin [21]. However, the cells that lack an LTS, named non-LTS cells, with bipolar morphology 
play a role in promoting wakefulness [18,19,22]. Previous studies have indicated that the VLPO contains a large number of 
GABA-releasing cells, of which LTS and non-LTS cells are GABAergic [21,23]. GABAergic synaptic transmission in the VLPO regulates 
the sleep-wake state [21,23]. Studies have shown that acutely activated wake-promoting GABAergic neurons in the lateral hypo-
thalamus and the galaninergic neurons in the VLPO are inhibited, resulting in arousal [23–25]. In addition, studies have shown that 
orexin, histamine, and other wake-up signals may inhibit galaninergic neurons in the VLPO via internal GABAergic circuits [19,22, 
26–28]. Studies have indicated that ILTG has a potential role in modulating GABAergic synaptic transmission [12,13]. 

Thus, we hypothesized that ILTG might modulate the activity of LTS and non-LTS cells in the VLPO via GABAA receptors. 

2. Materials and methods 

2.1. Animals 

Male SPF C57BL/6J mice aged between 4 and 5 weeks were used. The mice were housed in a room kept at 22 ± 2 ◦C with an 
automated 12-h dark/light (D/L) cycle. Water and food were available. We followed the regulations on the management of experi-
mental animals of the People’s Republic of China and the methods for quality management of experimental animals. Ethical approval 
for this study (No. LLSC20190763) was provided by the Institutional Animal Care Unit Committee of Anhui Medical University on 
October 10, 2019. 

2.2. Chemicals 

Isoliquiritigenin was purchased from Sigma (13766). Flumazenil was purchased from Sigma (1273808). Noradrenaline was pur-
chased from Acmec (69815-49-2). Tetrodotoxin (TTX) was purchased from Bailingwei J&K (608506). CNQX was purchased from 
abcam (ab120017). D-AP5 was purchased from abcam (ab144482). All other chemicals were purchased from Sigma. 

2.3. Preparation of brain slices 

Male mice (4–5 weeks) were deeply anesthetized with 0.04 % isoflurane and later sacrificed. The brains were quickly extracted and 
moved in ice-cold N-methyl-D-glucamine (NMDG) cutting solution, which contained (in mM) 92 NMDG, 30 NaHCO3, 1.2 KCl, 25 D- 
glucose, 1.2 KH2PO4, 5 L-ascorbic acid, 20 HEPES, 2 thiourea, 3 Na-pyruvate, 0.5 CaCl2, and 1 MgSO4 (pH: 7.2 ± 0.1; osmolarity: 310 
± 5 mOsm kg− 1). The solution was filled with 95 % O2/5 % CO2 for approximately 10 min, and then placed in a refrigerator to freeze 
into ice-cold compound prior to use. We used a vibrating microtome (VT1200s, Leica) to cut the brains in coronal planes of 
approximately 300 μm thickness at 0.18 mm s− 1 and then bred in artificial cerebrospinal fluid (aCSF) bubbled with 95 % O2/5 % CO2 
for 30–45 min at 37 ◦C before recording. The aCSF contained (in mM) 1.25 KCl, 125 NaCl, 1.25 KH2PO4, 25 NaHCO3, 25 D-glucose, 1 
MgCl2 and 2 CaCl2 supplemented with 0.4 L-ascorbic acid and 2 Na-pyruvate. All the chemicals were purchased from Sigma. 

2.4. Whole-cell patch-clamp recordings 

2.4.1. Whole-cell patch-clamp recordings 
The recordings were performed using oxygenated aCSF solutions at room temperature (~25 ◦C). Neurons were observed by an 

upright microscope using a × 40 water-immersion objective lens (FN26.5, Olympus, Japan). The neurons in the VLPO were selected for 
electrophysiological evaluation. Patch pipettes (5–7 MΩ) were retrieved from borosilicate glass capillaries using a horizontal pipette 
puller (P-97, Sutter Instruments, USA). The recordings were obtained using a Multiclamp 700B amplifier and analyzed using Clampfit 
10.6 software (Molecular Devices). The aCSF was flushed at a specific rate (2 mL/min). Neurons at − 60 mV were used to record action 
potentials using the current-clamp mode. For action potential recording (except Fig. 7A), a potassium-based internal solution con-
taining (in mM) 135 potassium gluconate, 0.1 EGTA, 10 HEPES, 10 KCl, 0.5 Na-GTP and 5 Mg-ATP was used in patch pipettes. The pH 
was adjusted to 7.2 with KOH. The osmolarity was set to 310 ± 5 mOsm kg− 1. Neurons at − 60 mV were used to record spontaneous 
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inhibitory postsynaptic currents (sIPSCs) and miniature inhibitory postsynaptic currents (mIPSCs) using the voltage-clamp mode. For 
sIPSCs and mIPSCs recordings, a high-chloride cesium-based internal solution containing (in mM) 140 CsCl, 10 HEPES, 5 Mg-ATP, 0.5 
Na-GTP, and 1 EGTA was used in patch pipettes. The pH was adjusted to 7.2 with CsOH. The osmolarity was set to 310 ± 5 mOsm kg− 1 

with CsCl. The bath solution plus 20 μM CNQX, 20 μM D-AP5 was used to record sIPSCs. The bath solution plus 20 μM CNQX, 20 μM D- 
AP5, and 400 nM TTX was used to record mIPSCs. Baseline recordings were obtained at least 5 min before drug use. Data were sampled 
at 20 kHz and filtered at 10 kHz. 

2.4.2. Identification for LTS cells in the voltage-clamp mode 
The locus coeruleus (LC) have been verified to project NAergic terminals to the VLPO, which results that NAergic terminals release 

NA to the VLPO neurons. Two-thirds of VLPO neurons with a low-threshold spike (LTS) are multipolar triangular and inhibited by NA; 

Fig. 1. ILTG excites LTS cells of VLPO. (A) A multipolar triangular cell during the whole-cell recording. Scale bar: 100 μm. (B) LTS cells are 
characterized by a low-threshold spike when depolarized from a hyperpolarized level (− 60 pA current stimulus). (C) Experimental procedure of 
electrophysiological experiments. We recorded action potentials for 18 min on a LTS cell. 5–7 min of control and 10–12 min of ILTG (10 μM) were 
selected for statistical analysis. (D) Representative traces of action potential of a LTS cell of the VLPO after ILTG (10 μM) perfusion. (E) Statistical 
results for firing rate after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 11 cells; *P < 0.05). (F) Statistical results for 
relative firing rate after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 11 cells; **P < 0.01). Error bars indicate the SEM. 
(G–J) The effect of ILTG (10 μM) on the intrinsic properties of the action potentials of VLPO LTS cells, including RMP amplitude, spike threshold, 
AHP, and APD50 (Paired t-test; n = 10 cells). 
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the remaining cells lack an LTS, which are fusiform and bipolar and excited by NA [18]. Optogenetic activation of NAergic terminals in 
the locus coeruleus and the perfusion of NA are equivalent. Previous reports [19] have suggested that the optogenetic activation of 
NAergic terminals in the LC inhibited LTS cells in the VLPO and increased the frequency and amplitude of sIPSCs in VLPO LTS cells, and 
the perfusion of NA (100 μM) also increased the frequency and amplitude of sIPSCs in VLPO LTS cells. Thus, this study provides new 
ideas for identifying the characteristics of VLPO LTS cells in the voltage-clamp mode by applying NA (100 μM), resulting in an increase 
in the frequency of sIPSCs. 

2.4.3. Experimental procedure of LTS cells in the voltage-clamp mode 
sIPSCs and mIPSCs were recorded in sections 3.5 and 3.6 respectively in LTS cells. First, the bath solution plus 20 μM CNQX, 20 μM 

D-AP5 was used to record sIPSCs for identification of LTS cells for 18 min (Fig. 5A). Then, the bath solution plus 20 μM CNQX, 20 μM D- 

Fig. 2. ILTG decreases non-LTS cells of VLPO excitability. (A) A bipolar cell during the whole-cell recording. Scale bar: 100 μm. (B) Non-LTS cells 
lack an LTS when depolarized from a hyperpolarized level (− 60 pA current stimulus). (C) Experimental procedure of electrophysiological exper-
iments. We recorded action potentials for 18 min on a non-LTS cell. 5–7 min of control and 10–12 min of ILTG (10 μM) were selected for statistical 
analysis. (D) Typical action potential traces of a non-LTS cell of the VLPO after ILTG (10 μM) perfusion. (E) Statistical results for firing rate after 
ILTG (10 μM) administration in VLPO non-LTS cells (one-way ANOVA; n = 13 cells; *P < 0.05, **P < 0.01). (F) Statistical results for relative firing 
rate after ILTG (10 μM) administration in VLPO non-LTS cells (one-way ANOVA; n = 13 cells; **P < 0.01, ***P < 0.001). Error bars indicate the 
SEM. (G–J) The effect of ILTG (10 μM) on the intrinsic properties of the action potentials of VLPO non-LTS cells, including RMP amplitude (****P <
0.0001), spike threshold (*P < 0.05), AHP, and APD50. Paired t-test; n = 11 cells. 
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AP5, and 400 nM TTX was used to record mIPSCs for exploring the effect of ILTG for 18 min (Fig. 6A). 

2.4.4. Experimental procedure of non-LTS cells in the voltage-clamp mode 
When we used a hyperpolarized current stimulus to record the firing characteristics of non-LTS cells in the VLPO only in Fig. 7A, a 

high-chloride cesium-based internal solution was filled in patch pipettes to further record mIPSCs on the same cell (The action po-
tential appeared abnormal and was used only to identify non-LTS cells). We first recorded action potential in aCSF to identify non-LTS 
cells only in Fig. 7A, and then the aCSF plus 20 μM CNQX, 20 μM D-AP5, and 400 nM TTX was used to record mIPSCs for 18 min 
(Fig. 7A). 

2.5. Data analysis 

Spike threshold was measured at the point during the upstroke (depolarizing phase) of the action potential. Action potential du-
rations (APD50) were measured at 50 % repolarization. Afterhyperpolarization (AHP) amplitude was measured in each cell as the 
difference between spike threshold for action potential generation and the most negative membrane potential. 

2.6. Statistical analysis 

P values were calculated using paired t tests. ANOVA followed by Bonferroni correction was used to calculate P values under 
multiple conditions. All data are presented as the mean ± standard error of the mean (SEM). P < 0.05 was considered to be statistically 
significant. All data were analyzed using GraphPad Prism 7.0. The data obtained from whole-cell recordings were analyzed using 
Clampfit software v.10.6 and Igor Pro 6.10 A. 

Fig. 3. GABAA receptors mediate ILTG effects on action potential of VLPO LTS cells. (A) Experimental procedure of electrophysiological experi-
ments. We recorded action potentials for 23 min on a LTS cell. 5–7 min of control, 10–12 min of ILTG (10 μM), and 15–17 min of flumazenil (5 μM) 
were selected for statistical analysis. (B) Typical action potential traces of a LTS cell of the VLPO after ILTG (10 μM), and flumazenil (5 μM) 
application. (C) Statistical results for firing rate after ILTG (10 μM) and flumazenil (5 μM) application in VLPO LTS cells (one-way ANOVA; n = 10 
cells; **P < 0.01). (D) Statistical results for relative firing rate after ILTG (10 μM) and flumazenil (5 μM) application in VLPO LTS cells (one-way 
ANOVA; n = 10 cells; **P < 0.01). Error bars indicate the SEM. 
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3. Results 

3.1. ILTG excites LTS cells of VLPO 

Previous studies [18,19] have demonstrated that cells in the VLPO can be divided into LTS and non-LTS cells. In whole-cell re-
cordings, the firing characteristics of the LTS and non-LTS cells in the VLPO were different. In this study, we used a hyperpolarized 
current stimulus to record the firing characteristics of LTS and non-LTS cells in the VLPO. LTS cells were characterized by a potent 
low-threshold spike with a multipolar triangular morphology, and non-LTS cells lacked an LTS and had a bipolar morphology (Fig. 1A, 
B, 2A, and 2B). 

We evaluated the role of ILTG in VLPO LTS cell firing using brain slice electrophysiological techniques (Fig. 1C). Whole-cell re-
cordings indicated a significant increase in the action potential firing rate of VLPO LTS cells after ILTG (10 μM) perfusion (Fig. 1D). 
Statistical analysis showed that there was a significant difference in the firing rate before and after ILTG (10 μM) administration 
(control: 1.103 ± 0.655 Hz and ILTG: 1.857 ± 0.872 Hz, P = 0.024; n = 11 cells; Fig. 1E), which was corresponding to 307.2 ± 50.4 % 
of the control level (P = 0.006; n = 11 cells; Fig. 1F). In addition, to observe the effect of ILTG (10 μM) on the intrinsic properties of the 
action potentials of VLPO LTS cells, we further analyzed RMP amplitude, spike threshold, APD50, and AHP amplitude. No difference 
was detected regarding RMP amplitude, spike threshold, APD50, or AHP amplitude after ILTG (10 μM) perfusion (n = 10 cells; 
Fig. 1G–J). Thus, these data suggest that ILTG excites the LTS cells of the VLPO. 

3.2. ILTG decreases the excitability of non-LTS cells in the VLPO 

We explored the role of ILTG in non-LTS cells in the VLPO firing using brain slice electrophysiological techniques, as depicted in 
Fig. 2C. Whole-cell recordings indicated a significant decrease in the action potential firing rate of VLPO non-LTS cells after ILTG (10 
μM) perfusion (Fig. 2D). Compared to the control group, there was a significant decrease in the firing rate after ILTG (10 μM) 
administration (control: 2.203 ± 0.491 Hz and ILTG: 0.951 ± 0.306 Hz, P = 0.014; n = 13 cells; Fig. 2E), corresponding to 43.3 ± 9.2 
% of the control level (P = 0.001; n = 13 cells; Fig. 2F). Besides, to observe the effect of ILTG (10 μM) on the intrinsic properties of the 
action potentials of VLPO non-LTS cells, we further analyzed RMP amplitude, spike threshold, APD50, and AHP amplitude. RMP 

Fig. 4. GABAA receptors mediate ILTG effects on excitability of VLPO non-LTS cells. (A) Experimental procedure of electrophysiological experi-
ments. We recorded action potentials for 23 min on a non-LTS cell. 5–7 min of control, 10–12 min of ILTG (10 μM), and 15–17 min of flumazenil (5 
μM) were selected for statistical analysis. (B) Typical action potential traces of a non-LTS cell of the VLPO after ILTG (10 μM), and flumazenil (5 μM) 
application. (C) Statistical results for firing rate after ILTG (10 μM) and flumazenil (5 μM) application in VLPO non-LTS cells (one-way ANOVA; n =
9 cells; **P < 0.01). (D) Statistical results for relative firing rate after ILTG (10 μM) and flumazenil (5 μM) application in VLPO non-LTS cells (one- 
way ANOVA; n = 9 cells; ***P < 0.001). Error bars indicate the SEM. 
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amplitude was more hyperpolarized (control: − 46.000 ± 1.281 mV and ILTG: − 50.070 ± 1.430 mV, P < 0.0001; n = 11 cells; Fig. 2G) 
and spike threshold was higher (control: − 34.570 ± 1.661 mV and ILTG: − 36.640 ± 1.920 mV, P = 0.018; n = 11 cells; Fig. 2H) after 
ILTG (10 μM) application in VLPO non-LTS cells. No difference was detected in APD50, or AHP amplitude (n = 11 cells; Fig. 2I and J) 
after ILTG application. These data suggest that ILTG decreases VLPO excitability in non-LTS cells. 

3.3. GABAA receptors mediate ILTG effects on action potential of VLPO LTS cells 

We further investigated the receptor through which ILTG excites the LTS cells of the VLPO, as shown in Fig. 3A. In whole-cell 
recordings, the increase in neuronal firing caused by ILTG (10 μM) was reversed after flumazenil administration, a GABAA re-
ceptors antagonist (Fig. 3B). As previously described (Fig. 1E), the statistical results demonstrated that the action potential firing rate 
of VLPO LTS cells showed a significant difference between the control and ILTG (10 μM) (control: 3.391 ± 0.950 Hz and ILTG: 4.463 ±
1.153 Hz, P = 0.005; n = 10 cells; Fig. 3C). Moreover, compared to the control group, there was no difference in the firing rate of VLPO 
LTS cells after ILTG (10 μM) and flumazenil (5 μM) administration (control: 3.391 ± 0.950 Hz and ILTG + flumazenil: 2.554 ± 0.842 
Hz, P = 0.365; n = 10 cells; Fig. 3C), corresponding to 79.0 ± 14.5 % of the control level (P = 0.539; n = 10 cells; Fig. 3D). Our results 
indicate that GABAA receptors might mediate the effects of ILTG on the action potential firing of VLPO LTS cells. 

3.4. GABAA receptors mediate ILTG effects on the excitability of VLPO non-LTS cells 

In addition, we evaluated the receptors through which ILTG decreases the excitability of VLPO non-LTS cells, as shown in Fig. 4A. In 
whole-cell recordings, the decrease in neuronal firing caused by ILTG (10 μM) was reversed after flumazenil (5 μM) administration 
(Fig. 4B). As previously described (Fig. 2E), The statistical analysis showed that the action potential firing rate of VLPO non-LTS cells 
after ILTG (10 μM) application was significantly lower than that from the control group (control: 1.680 ± 0.411 Hz and ILTG: 0.782 ±
0.346 Hz, P = 0.010; n = 9 cells; Fig. 4C). Moreover, compared to the control group, there was no difference in the firing rate of VLPO 

Fig. 5. NA increases the frequency and amplitude of sIPSCs in VLPO LTS cells. (A) Experimental procedure of electrophysiological experiments. We 
recorded sIPSCs for 18 min on a LTS cell. 5–7 min of control and 10–12 min of NA (100 μM) were selected for statistical analysis. (B) Representative 
sIPSCs traces of a LTS cell of the VLPO after NA (100 μM) perfusion. (C) Cumulative probability of inter-event interval from a LTS cell. (D) Statistical 
results for the frequency of sIPSCs after NA (100 μM) administration in VLPO LTS cells (paired t-test; n = 10 cells; **P < 0.01). (E) Statistical results 
for the relative frequency of sIPSCs after NA (100 μM) administration in VLPO LTS cells (paired t-test; n = 10 cells; **P < 0.01). Error bars indicate 
the SEM. (F) Normalized probability of amplitude of sIPSCs from a LTS cell. (G) Statistical results for the amplitude of sIPSCs after NA (100 μM) 
administration in VLPO LTS cells (paired t-test; n = 10 cells; *P < 0.05). (H) Statistical results for the relative amplitude of sIPSCs after NA (100 μM) 
administration in VLPO LTS cells (paired t-test; n = 10 cells; *P < 0.05). Error bars indicate the SEM. 
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non-LTS cells after ILTG (10 μM) and flumazenil (5 μM) administration (control: 1.680 ± 0.411 Hz and ILTG + flumazenil: 1.610 ±
0.372 Hz, P > 0.999; n = 9 cells; Fig. 4C), corresponding to 101.0 ± 5.7 % of the control level (P > 0.999; n = 9 cells; Fig. 4D). Our 
results indicate that the effects of ILTG on the excitability of VLPO non-LTS cells might be mediated by GABAA receptors. 

3.5. Noradrenaline (NA) increases the frequency and amplitude of sIPSCs of LTS cells in the VLPO 

We applied NA in voltage-clamp mode to identify the type of VLPO cells, as depicted in Fig. 5A. Fig. 5B showed the effect of NA 
(100 μM) on VLPO LTS cells. In the cumulative probability plot, NA (100 μM) shifts the distribution of the inter-event interval to the left 
(Fig. 5C). The statistical results showed that the frequency of sIPSCs after NA (100 μM) administration was significantly increased than 
that from the control group (control: 1.482 ± 0.355 Hz and NA: 2.028 ± 0.421 Hz, P = 0.002; n = 10 cells; Fig. 5D), accompanied by 
146.2 ± 10.5 % of the control level (P = 0.002; n = 10 cells; Fig. 5E). At the same time, in the normalized probability plot, the 
amplitude distribution of sIPSCs between the control and NA (100 μM) was different (Fig. 5F). There was a statistically significant 
increase in the amplitude of sIPSCs after NA (100 μM) administration compared to the control group (control: 47.550 ± 6.284 pA and 
NA: 71.950 ± 14.690 pA, P = 0.031; n = 10 cells; Fig. 5G), which was corresponding to 142.9 ± 13.5 % of the control level (P = 0.011; 
n = 10 cells; Fig. 5H). These results provide VLPO LTS cells identification for section 3.6. 

3.6. ILTG reduced the frequency of mIPSCs of VLPO LTS cells 

We first identify VLPO LTS cells in Fig. 5. Then, to check whether the receptor of ILTG acting on VLPO LTS cells is located pre-
synaptic or postsynaptic, we perfused TTX (0.4 μM) in the aCSF to eliminate spontaneous action potentials during voltage-clamp 
recording of postsynaptic currents, and CNQX (20 μM) and D-AP5 (20 μM) to block glutamate receptors, as shown in Fig. 6A. The 

Fig. 6. ILTG reduced the frequency of mIPSCs of VLPO LTS cells. (A) Experimental procedure of electrophysiological experiments. We recorded 
mIPSCs for 18 min on a LTS cell. 5–7 min of control and 10–12 min of ILTG (10 μM) were selected for statistical analysis. (B) Representative mIPSCs 
traces of a LTS cell of the VLPO after ILTG (10 μM) application. (C) Cumulative probability of inter-event interval from a LTS cell. (D) Statistical 
results for the frequency of mIPSCs after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 9 cells; *P < 0.05, **P < 0.01). (E) 
Statistical results for the relative frequency of mIPSCs after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 9 cells; **P <
0.01, ****P < 0.0001). Error bars indicate the SEM. (F) Normalized probability of the amplitude of mIPSCs from a LTS cell. (G) Statistical results for 
the amplitude of mIPSCs after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 9 cells). (H) Statistical results for relative 
amplitude of mIPSCs after ILTG (10 μM) administration in VLPO LTS cells (one-way ANOVA; n = 9 cells). Error bars indicate the SEM. 
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effect of ILTG (10 μM) on VLPO LTS cells was shown in Fig. 6B. In the cumulative probability plot, ILTG (10 μM) caused the distribution 
of the inter-event interval to shift to the right (Fig. 6C). The statistical analysis showed that the frequency of mIPSCs after ILTG (10 μM) 
application was significantly lower than that from the control group (control: 1.177 ± 0.239 Hz and ILTG: 0.772 ± 0.182 Hz, P =
0.002; n = 9 cells; Fig. 6D), corresponding to 61.3 ± 4.4 % of the control level (P < 0.0001; n = 9 cells; Fig. 6E). Meanwhile, in the 

Fig. 7. ILTG potentiates the amplitude of mIPSCs of VLPO non-LTS cells. (A) Non-LTS cells lack an LTS when depolarized from a hyperpolarized 
level (− 60 pA current stimulus). (B) Experimental procedure of electrophysiological experiments. We recorded mIPSCs for 18 min on a non-LTS cell. 
5–7 min of control and 10–12 min of ILTG (10 μM) were selected for statistical analysis. (C) Representative mIPSCs traces of a non-LTS cell of the 
VLPO after ILTG (10 μM) application. (D) Cumulative probability of inter-event interval from a non-LTS cell. (E) Statistical results for the frequency 
of mIPSCs after ILTG (10 μM) administration in VLPO non-LTS cells (one-way ANOVA; n = 12 cells). (F) Statistical results for the relative frequency 
of mIPSCs after ILTG (10 μM) administration in VLPO non-LTS cells (one-way ANOVA; n = 12 cells). Error bars indicate the SEM. (G) Normalized 
probability of amplitude of mIPSCs from a non-LTS cell. (H) Statistical results for the amplitude of mIPSCs after ILTG (10 μM) administration in 
VLPO non-LTS cells (one-way ANOVA; n = 12 cells; *P < 0.05, **P < 0.01). (I) Statistical results for the relative amplitude of mIPSCs after ILTG (10 
μM) administration in VLPO non-LTS cells (one-way ANOVA; n = 12 cells; **P < 0.01). Error bars indicate the SEM. 
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normalized probability plot, no difference in the amplitude distribution of mIPSCs between the control and ILTG (10 μM) was observed 
(Fig. 6F). The statistical results showed that the amplitude of mIPSCs after ILTG (10 μM) perfusion was the same as that from the 
control group (control: 34.690 ± 3.943 pA and ILTG: 35.790 ± 4.726 pA, P > 0.9999; n = 9 cells; Fig. 6G), accompanied by 103.2 ±
12.4 % of the control level (P > 0.9999; n = 9 cells; Fig. 6H). Therefore, our results reveal that ILTG suppresses presynaptic GABA 
release on VLPO LTS cells. 

3.7. ILTG potentiates the amplitude of mIPSCs of VLPO non-LTS cells 

We used a hyperpolarized current stimulus to record the firing characteristics of non-LTS cells in the VLPO in Fig. 7A. At the same 
time, a high-chloride cesium-based internal solution was filled in patch pipettes to further record mIPSCs on the same cell. Non-LTS 
cells lacked an LTS. To check whether the receptor of ILTG acting on VLPO non-LTS cells is located presynaptic or postsynaptic, we 
perfused TTX (0.4 μM) in the aCSF to eliminate spontaneous action potentials during voltage-clamp recording of postsynaptic currents, 
and CNQX (20 μM) and D-AP5 (20 μM) to block glutamate receptors, as shown in Fig. 7B. The effect of ILTG (10 μM) on VLPO non-LTS 
cells was shown in Fig. 7C. In the cumulative probability plot, no difference in the distribution of the inter-event interval between the 
control and ILTG (10 μM) was observed (Fig. 7D). The statistical results showed that the frequency of mIPSCs after ILTG (10 μM) 
perfusion was the same as that from the control group (control: 1.047 ± 0.273 Hz and ILTG: 1.161 ± 0.317 Hz, P > 0.9999; n = 12 
cells; Fig. 7E), corresponding to 117.0 ± 12.0 % of the control level (P = 0.550; n = 12 cells; Fig. 7F). Meanwhile, in the normalized 
probability plot, the amplitude distribution of mIPSCs between the control and ILTG (10 μM) was different (Fig. 7G). The statistical 
analysis showed that the amplitude of mIPSCs after ILTG (10 μM) application was significantly higher than that from the control group 
(control: 44.070 ± 5.041 pA and ILTG: 56.170 ± 7.702 pA, P = 0.033; n = 12 cells; Fig. 7H), accompanied by 126.2 ± 6.3 % of the 
control level (P = 0.005; n = 12 cells; Fig. 7I). Therefore, our results reveal that ILTG enhances postsynaptic GABAA receptor function 
on VLPO non-LTS cells. 

4. Discussion 

This study aimed to explore the influence of ILTG on LTS and non-LTS cells in the VLPO using whole-cell patch clamp recording. 
Our results showed that the effect of ILTG on LTS and non-LTS cells in the VLPO was different. ILTG suppresses presynaptic GABA 
release on VLPO LTS cells, thereby increasing their excitability. ILTG enhances postsynaptic GABAA receptor function on VLPO non- 
LTS cells, thereby decreasing their excitability. 

Cho et al. have revealed that ILTG shows hypnotic function via GABAA receptors, which may inhibit the dorsal raphe (DR) neurons, 
one of the arousal centers [12]. VLPO is a sleep-promoting center and appears to contain most of the GABA-released cells [14–17,21, 
23]. Moreover, GABAergic synaptic transmission in the VLPO regulates the sleep-wake state [21,23]. However, the effects of ILTG on 
both cell types in the VLPO remain still unknown. 

The VLPO is a sleep-promoting region in which LTS cells play a role in sleep, accounting for approximately two-thirds of the VLPO 
[18,19,29]. Previous studies indicated that most LTS cells co-release GABA and galanin [21]. Meanwhile, VLPO as a sleep-promoting 
function is mainly attributed to galaninergic neurons [21,30]. Our results showed that ILTG excited sleep-promoting LTS cells, 
approximately 307.2 ± 50.4 % of the control level, which may coincide with its hypnotic effect. Furthermore, compared to the control 
group, there was no difference in the firing rate of VLPO LTS cells after ILTG and flumazenil administration, which indicated that 
GABAA receptors mediate the effects of ILTG on the action potential of VLPO LTS cells. The statistical analysis showed that the fre-
quency of mIPSCs after ILTG application was significantly lower than that from the control group. Studies have shown that acutely 
activated wake-promoting GABAergic neurons in the lateral hypothalamus and the galaninergic neurons in the VLPO are inhibited, 
resulting in arousal [23–25]. In addition, studies have shown that orexin, histamine, and other wake-up signals may inhibit gal-
aninergic neurons in the VLPO via internal GABAergic circuits [19,22,26–28]. There may be presynaptic inhibition. The 
sleep-promoting effect of ILTG on LTS cells might be through presynaptic inhibitions, thereby increasing their excitability. These 
results indicate that ILTG suppresses presynaptic GABA release on VLPO LTS cells, thereby increasing their excitability. 

The remaining cells in the VLPO are non-LTS cells, which are wake-promoting [18,19]. Our results indicated that ILTG decreased 
the excitability of non-LTS cells, approximately 43.3 ± 9.2 % of the control level, which may explain the hypnotic effect of ILTG. 
Moreover, compared to the control group, there was no difference in the firing rate of VLPO non-LTS cells after ILTG and flumazenil 
administration. This study also showed that ILTG reduced the RMP amplitude and enhanced the spike threshold in VLPO non-LTS cells. 
The statistical analysis showed that the amplitude of mIPSCs after ILTG application was significantly higher than that from the control 
group. Studies have shown that most VLPO cells contain GABA [21,23]. These results indicate that ILTG enhances postsynaptic GABAA 
receptor function on VLPO non-LTS cells, thereby decreasing their excitability. 

ILTG has many pharmacological effects, among which the function of hypnosis is equally important. Here, we examined the in-
fluence of ILTG on LTS and non-LTS cells in the VLPO. Studies have shown that most LTS cells are sleep-promoting and most non-LTS 
cells are arousal-promoting [19]. Consistently, ILTG excites LTS cells of VLPO, while decreases VLPO excitability in non-LTS cells. 
Functionally, this confirmed the hypnotic function of ILTG. This may provide more clarity on the hypnotic mechanism and identify a 
potential target for the hypnotic effect of ILTG, thereby contributing to the development of ILTG as a hypnotic drug. 

In summary, ILTG suppresses presynaptic GABA release on VLPO LTS cells, thereby increasing their excitability. ILTG enhances 
postsynaptic GABAA receptor function on VLPO non-LTS cells, thereby decreasing their excitability. These results suggest that ILTG 
may produce hypnotic effects by modulating the GABAergic synaptic transmission properties of these two cell types. 
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