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Abstract

Background: High mobility group box 1 (HMGB1) released by neurons and microglia

was demonstrated to be an important mediator in depressive-like behaviors induced

by chronic unpredictable mild stress (CUMS), which could lead to the imbalance of

twodifferentmetabolic approaches in kynurenine pathway (KP), thus enhancing gluta-

mate transmission and exacerbating depressive-like behaviors. Evidence showed that

HMGB1 signaling might be regulated by Connexin (Cx) 36 in inflammatory diseases of

central nervous system (CNS). Our study aimed to further explore the role of Cx36 in

depressive-like behaviors and its relationship with HMGB1.

Methods: After 4-week chronic stress, behavioral tests were conducted to evaluate

depressive-like behaviors, including sucrose preference test (SPT), tail suspension test

(TST), forced swimming test (FST), and open field test (OFT). Western blot analysis

and immunofluorescence staining were used to observe the expression and location

of Cx36. Enzyme-linked immunosorbent assay (ELISA) was adopted to detect the con-

centrations of inflammatory cytokines. And the excitability and inward currents of hip-

pocampal neurons were recorded bywhole-cell patch clamping.

Results:The expression of Cx36was significantly increased in hippocampal neurons of

mice exposed toCUMS,while treatmentwith glycyrrhizinic acid (GZA) or quinine could

both down-regulate Cx36 and alleviate depressive-like behaviors. The proinflamma-

tory cytokines like HMGB1, tumor necrosis factor alpha (TNF-α), and interleukin-1β
(IL-1β) were all elevated by CUMS, and application of GZA and quinine could decrease

them. In addition, the enhanced excitability and inward currents of hippocampal neu-

rons induced by lipopolysaccharide (LPS) could be reduced by either GZA or quinine.

Conclusions: Inhibition of Cx36 in hippocampal neurons might attenuates HMGB1-

mediated depressive-like behaviors induced by CUMS through down-regulation of

the proinflammatory cytokines and reduction of the excitability and intracellular ion

overload.
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1 INTRODUCTION

Depressive disorder is a common mental disease characterized by

depressedmood, anhedonia, and loss of interest, often accompaniedby

neurovegetative and neurocognitive symptoms, like insomnia, fatigue,

weight loss, and impaired cognition (Reed et al., 2019). In severe cases,

depressive disorder may even be able to increase the risk of somatic

diseases like stroke and cancer, as well as suicide (Otte et al., 2016).

World Health Organization (WHO) has ranked depressive disorder as

the third leading cause of the years lived with disability (YLD) in the

Global burden of Disease (GBD) study 2017 (GBD, 2018). In China,

the recent nationwide epidemiological survey of mental disorders also

reportedmood disorders had become the secondmost prevalent men-

tal disease with a lifetime prevalence of 7.4%, in which depressive dis-

order accounted for 6.8% (Huang et al., 2019). However, the specific

biomarkers for clinical diagnosis of depressive disorder were still in

lack and its biological mechanisms were not well clarified. Traditional

mechanisms likemonoamine-depletionhypothesis cannot fully explain

the pathogenesis of depressive disorder (Malhi &Mann, 2018). There-

fore, more promising research are needed to explore new underlying

mechanisms.

Research over the recent decades have indicated that inflammation

might be involved in the onset and development of depressive disor-

der (Beurel et al., 2020).Overactivation of inflammatory responses and

increased levels of inflammatory mediators like interleukin (IL)−1β, IL-
6, tumor necrosis factor alpha (TNF-α), the acute phase reactant (CRP),
and high mobility group box 1 (HMGB1) were seen in both patients

and rodents with depressive disorder (Cernackova et al., 2020; Liu

et al., 2019; Xie et al., 2021; Zolfaghari et al., 2021). Our previous work

focused mainly on the role of HMGB1, a late mediator of inflammation

in depressive-like behaviors (Wang et al., 1999). We first discovered

thatHMGB1was significantly increased inmice under acute or chronic

stress, while application of glycyrrhizinic acid (GZA), an inhibitor of

HMGB1, could markedly improve depressive symptoms (Lian et al.,

2017; Wu et al., 2015). These findings were later demonstrated by

other teams (Fu et al., 2019; Yang et al., 2020). The increased HMGB1

might subsequently induce the imbalance of two different metabolic

approaches in kynurenine pathway (KP) in microglia and astrocytes,

thus resulting in the abnormal glutamatergic neurotransmission and

contributing to the development of depressive-like behaviors (Wang,

Lian, Dong et al., 2018; Wang, Lian, Su et al., 2018; Wang, Lian et al.,

2019). It was interesting that our results also showed the increased

HMGB1 mainly originated from neurons and microglia in the central

nervous system (CNS) (Wang, Huang et al., 2020), which then brought

out important questions about how HMGB1 communicated among

cells and the possible mechanisms.

There was evidence that the release of HMGB1 could be regulated

by connexins (Cxs). Cxs are fundamental structures of intracellu-

lar communications, which can form two functional forms, namely

gap junctions (GJ) and hemichannels (HC) (Takeuchi & Suzumura,

2014). In a mouse model of acute lung injury (ALI), application of

a broad-spectrum Cxs blocker named P5 significantly reduced the

endotoxin-induced release and accumulation of HMGB1 (Wang et al.,

2020). Recent evidence also strongly indicated that Cxs dysfunction

might be involved in the pathogenesis of depressive disorder (Ren

et al., 2018). In a study of depressive-like behaviors in mice induced

by inescapable stress, knock-down of Cxs could result in significant

anti-depressant effects as well as the improvement of cognitive func-

tions (Quesseveur et al., 2015). Similarly, injection of a nonselective

Cxs inhibitor named carbenoxolone (CBX) into the hippocampus of

mice exhibited the same therapeutic effects in a depression model

of CMS (Chen, Wang, Zuo et al., 2016). Therefore, it is probable that

abnormal expressions or functions of Cxs are involved in the develop-

ment of depressive disorder. On these foundations, we conjectured

that Cxs might be involved in HMGB1 signaling during the process of

depressive-like behaviors. Since there is coexpression of Cx36 in both

neurons andmicroglia, (Medina-Ceja et al., 2019; Orellana et al., 2009)

and based on our previous work, we mainly focus on the role of Cx36

in HMGB1mediated depressive-like behaviors.

Actually, Cx36 is the main connexin between neurons, which not

only plays an important role in the development of neurons, but

also participates in glutamate-induced neuronal excitotoxicity and

injury (Arundine & Tymianski, 2004; Belousov et al., 2017). Since

neuronal injury, glutamate excitotoxicity, and enhanced HCs activity

were closely related to the development of depressive disorder, we

further speculated that Cx36 might be the mediator in the process

of HMGB1 mediated depressive-like behaviors based on our previ-

ous work. However, the underlying mechanisms were not fully eluci-

dated. In this study, we sought to explore the change of Cx36 under

chronic unpredictable mild stress (CUMS) and its role in HMGB1

signaling.

2 METHODS

2.1 Animals and treatments

All the animals used in this study were 8-week-old male BALB/c

mice purchased from the experimental animals center (Second Mil-

itary Medical University, Shanghai, China). The mice were raised in

standard conditions of constant temperature (21–23◦C) and humid-

ity (50%−52%) on a light/dark cycle of 12 h with food and water
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available ad libitum. All experiments were conducted in accordance

with the standards established by the experimental animal ethics

committee of Second military Medical University. Before the exper-

iments, mice could adapt to new feeding conditions for 2 weeks.

In the experiment of GZA (G2137, Sigma-Aldrich, USA) treatment,

mice were randomly assigned to four groups, namely control group,

CUMS group, CUMS+GZA group, and GZA group. In the experiment

of quinine (V900715, Sigma-Aldrich, USA) treatment, mice were ran-

domly assigned to four groups, namely control group, CUMS group,

CUMS+quinine group, and quinine group. GZA and quinine were dis-

solved in 0.9% sterile saline and injected intraperitoneally every day

from the day before CUMS. According to previous studies (Nassiri-

Asl et al., 2009; Wang, Lian, Dong et al., 2018), GZA was applied at

a dose of 20 mg/kg and quinine at 50 mg/kg. The final volume of all

drugs injected into each mouse was 200 μl. Mice of control and CUMS

group were intraperitoneally administered of equal volume of saline

every day.

2.2 Chronic unpredictable mild stress

According to our previous studies (Leng et al., 2018; Lian et al., 2017),

the following mild stimuli were applied randomly to mice: (i) 5 min of

exposure to high temperature (45◦C); (ii) 10 min of cage shaking; (iii)

1 h of physical restraint; (iv) overnight illumination; (v) 14 h of cage tilt

(45◦); (vi) 12hofwater deprivation; (vii) 12hof fooddeprivation; (viii) 1

h of exposure to noise (86 dB). These stressors were alternately sched-

uled for 4 weeks.

2.3 Behavioral tests

After four-week stimuli, behavioral tests were performed in mice

to evaluate depressive-like behaviors. All the tests were conducted

between 18:00 and 21:00.

2.3.1 Sucrose preference test

By reference to previous studies (Lian et al., 2017; Wang et al., 2018),

sucrose preference test (SPT) was conducted to assess the affection of

mice for sweets, which reflected anhedonia, one of the key symptoms

in depressed patients.Mice first learned to choose 1% sucrose solution

orwater from two bottles for 2weeks. During this period, bottles were

switched every 3 days to avoid preference for either side. Sucrose pref-

erence was measured before and after 4 weeks of CUMS. Mice were

deprived of food and water for 12 h, and then allowed free access to

1%sucrose andwater in two separate bottles. Anhour later, thebottles

were weighed and sucrose preference was calculated. Sucrose pref-

erences (%) = sucrose consumption/(sucrose+water consumption) ×

100%.

2.3.2 Tail suspension test

Tail suspension test (TST) was conducted to asess despair and helpless-

ness in depressedmice (Cryan,Mombereau,Vassout, 2005). The immo-

bility time of mice were measured by Tail Suspension PHM-300 (Med

Associates Inc., USA). Briefly, a piece of medical tape was wrapped

around themouse tail at about 1 cm from the tail tip. Then the tapewas

fixed on the hook of the instrument to letmice hang upside down in the

dark box. The test lasted for 6min and the immobility timeof final 5min

was recorded (lower threshold value of 0.5).

2.3.3 Forced swimming test

Forced swimming test (FST) was conducted to assess despair in

depressive-like behaviors (Cryan & Holmes, 2005; Cryan & Slattery,

2007). Briefly, mice were gently put into a transparent cylindrical con-

tainer (10 cm in diameter and 25 cm in height) with warm water (25

± 1◦C). The water depth was about 16–18 cm. Mice’s activities were

recorded by video tracking equipment (Shanghai Xinruan Info Technol-

ogy Co., Ltd, China). Thewhole process lasted 6min and the immobility

time of the final 5min was recorded.

2.3.4 Open field test

Open field test (OFT) was conducted to assess the spontaneous activ-

ities of mice (Yang et al., 2015), which often reflected the anxious per-

formance of mice (Chen, Wang, Liang et al., 2016). During the test,

mice were put gently into the dark box (RD1112-IOF, Shanghai Trans-

fer Info Technology Co., Ltd, China) with a size of 710 mm (width) ×

710 mm (length) × 1460 mm (height). The activites of mice were video

tracked by an infrared detector. After 6 min of test, the central and

total distance of each mice were calculated by OpenField2.8.7 soft-

ware (Shanghai Transfer Infor Technology Co., Ltd, China).

2.4 Tissue preparation

After behavioral tests, micewere all sacrificed and tissueswere quickly

obtained.

2.4.1 For western blot analysis

The hippocampus and prefrontal cotex were weighed and homoge-

nized in the lysis buffer (P0033, Shanghai Beyotime Biotechnology

Co., Ltd, China) at a concentration of 160 μl/mg. The homogenate was

placed on ice for 40min and then centrifuged at 12,000 rpm for 20min

at 4◦C. The supernatant was transferred into a new centrifuge tube for

later use and the excess samples were stored at−80◦C.
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2.4.2 For immunofluorescence

The hippocampus was fixed in 4% paraformaldehyde for 24–48 h, and

dehydrated in 30% sucrose solution for at least 24 h until the samples

sunk to the bottom. The samples were stored at 4◦C for later use.

2.4.3 For enzyme-linked immunosorbent assay

The hippocampus was weighed and homogenized in PBS (pH 7.2–7.4)

with protease inhibitors (1 μg/L, P1005, Shanghai Beyotime Biotech-

nology Co., Ltd, China) at a concentration of 160 μl/mg. Then the

homogenate was centrifuged at 12,000 rpm for 20 min at 4◦C and

the supernatant was obtained for later use. The excess samples were

stored at−80◦C.

The blood samples were collected by eyeball extirpating under light

anaesthesia. The samples were placed at room temperature for 20min

and then centrifuged at 12,000 rpm for 20 min at 4◦C. The serum was

obtained and transferred into new centrifuge tubes for later use. The

excess samples were stored at−80◦C.

2.5 Western blot analysis

The protein concentration of hippocampus and prefrontal cortex was

determined by a BCA kit (P00125, Shanghai Beyotime Biotechnology

Co., Ltd, China). Samples containing 30 μg of protein were mixed with

loading buffer and denatured in boiling water for 10 min. The proteins

were separated by 12.5% SDS-PAGE gels and then eletrically trans-

ferred onto polyvinylidene difluoride membranes (PVDF, Millipore,

USA). After that, membranes were immersed into TBST solution (TBS

containing 0.1% Tween-20) with 5% bovine serum albumin (BSA) and

blocked for 1 h at room temperature. Thenmembraneswere incubated

in different primary antibodies (anti-tubulin: 1/1000, #5568, CST,USA;

anti-Cx36: 1/1000, sc-398063, Santa Cruz, USA) overnight at 4◦C. On

the next day, membranes were washed with TBST solution for three

times and incubated in appropriate secondary antibodies (goat anti-

rabbit IgG: 1/1000, A0208; goat anti-mouse: 1/1000, A0216; all from

Shanghai Beyotime Biotechnology Co., Ltd, China) for 1 h at room tem-

perature. Finally, bands were detected by Biorad imaging system, and

the intensities were analyzed by Image J software.

2.6 Immunofluorescence (IF)

The samples of hippocampus were dried and embedded with optimum

cutting temperature (OCT) compounds and frozen at −20◦C. The

samples were cut into slices of 10 μm using a Leica CM-1900 slicer.

Then sodium citrate solution (PH 6.0) was added for antigen repairing

and slices were boiled in the water bath at 95◦C for 10 min. After

washed with phosphate buffered solution (PBS), slices were incubated

with primary antibodies (anti-Cx36: 1/200, sc-398063; anti-Iba1:

1/200, #17198, CST, USA; anti-GFAP: 1/200, #80788, CST, USA;

anti-NeuN: 1/500, #12943, CST, USA) overnight at 4◦C. On the next

day, slices were incubated with secondary antibodies (anti-rabbit IgG:

1/200, #711-095-152; anti-mouse IgG: 1/400, #715-165-150; all from

Jackson ImmunoResearch, USA) for 1 h at room temperature. After

that, slices were incubated with DAPI (1/1000, CST, USA) at room

temperature for 5 min. Fluorescent images were taken by fluorescent

microscope (Carl Zeiss, Germany) and neurons were counted using

Nikon Imaging Elements Software (USA).

2.7 Enzyme-linked immunosorbent assay (ELISA)

The levels of HMGB1, TNF-α, and IL-1β in the serum and hippocampus

were measured by ELISA kits bought from Shanghai Westang Biotech

(China) according to themanufacturer’s instructions. Briefly, the serum

and hippocampal protein extracts were diluted five or 10 times with

the sample buffer. Then add the standards and samples into the 96-

well coated plate with 100 μl per well. The levels of HMGB1, TNF-α,
and IL-1βweremeasured using the double antibody sandwichmethod.

After the immunoreactions, the absorbance value at 450 nmwas mea-

sured within 30min and the concentration of cytokines was calculated

according to the optical density (OD) values. The sensitivity of these

kits was 2 ng/ml for HMGB1, 4 pg/ml for TNF-α, and 8 pg/ml for IL-1β.

2.8 Primary neuronal cultures

The isolation and culture of hippocampal neurons from postnatal (P0-

P1) mice were referred to previous studies (Beaudoin et al., 2012;

Gardner et al., 2012;Kaech&Banker, 2006). Briefly,micewere first dis-

infected with 75% alcohol thoroughly and euthanized by decapitation.

The brains were quickly isolated and placed in a 60 mm dish contain-

ing dissectionmedium. The hippocampuswas gently separated under a

dissecting microscope, and the meninges were removed as completely

as possible. The hippocampus was transferred into a new dish with

1 ml of fresh dissection medium and cut into pieces with fine scissors.

Then two drops of DNase solution (DN25, Sigma-Aldrich, USA) and

1 ml of 0.25% trypsin solution (#25300-054, Gibco, USA) were added

into the dish. The tissues were incubated at 37◦C in a cell culture incu-

bator for 10 min and gently shaked every 5 min. After that, 2 ml of

plating medium (Neurobasal-A containing 2% B27; #21103-049 and

#12587-010, Gibco, USA) was immediately added to inactivate DNase

and trypsin. After centrifuged at 800 rpm for 5 min, the sediment was

resuspended in 3ml of platingmediumand gently dissociated to obtain

a homogenous cell suspension. The viable cell density was estimated

on a hemocytometer and the suspension was plated on 60-mm diame-

ter dishes coatedwith poly-L-lysine (P9155, Sigma-Aldrich, USA). Then

the neurons were incubated in the cell culture incubator at 37◦C for

4–6 h.

2.9 Whole-cell patch-clamp recording

The electrophysiological signalings were recorded by Clamp 700B

amplifier (Axon, USA) and transformed by Digidatal 1440 (Axon,

USA) at room temperature. The procedures were referred to
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previous reports (Due et al., 2012; Gomez et al., 2019). Briefly, the

plating medium in the dish was switched into artificial cerebrospinal

fluid (ACSF, 32◦C) containing (in mM): 125 NaCl, 25 NaHCO3, 1.25

NaH2PO4, 2.5 KCl, 2 CaCl2, 1.5 MgCl2, 10 D-glucose, adjusted to pH

7.4, and osmolarity 300 mosM. The dish was continuously perfused

with ACSF at a rate of 1–2 ml/min. Electrodes (3–5 MΩ) were filled

with recording solution containing (in mM): 112 KCl, 2 MgCl2, 0.1

CaCl2, 11 EGTA, 10 HEPES, with pH adjusted to 7.2 and osmolarity to

300 mosM and controlled by a micromanipulator. When tight sealing

between neurons and electrodes was forged, breakage of neuronal

membranes was quickly conducted, and properties of neurons were

writtendown like restingmembranepotential (RMP).Underwhole-cell

patch current clamp, single action potential (AP) and AP series were

recorded. The firing frequency of APs was recorded in response to

injecting current steps (50–300 pA/500ms) and the kinetic properties

of APs were analyzed including amplitude, half-width, threshold, and

rheobase. Under whole-cell patch voltage clamp, elicited currents

were recorded in response to voltage steps (−90 to −50 mV). During

the recording, drugs were applied by a pressure-driven eight-channel

delivery system (ALA Scientific, USA). LPS (1 μg/ml), GZA (50 μM), and

quinine (200 μM)were all dissolved in ACSF, and administered alone or

in combination according to previous studies (Due et al., 2012; Gomez

et al., 2019). Data acquired was analyzed by pCLAMP10.0 software

(Axon, USA).

2.10 Statistical analysis

All data were expressed as mean ± standard error of the mean (SEM).

One-way or two-way analysis of variance was performed for compar-

ison among multiple groups followed by a least significant difference

(LSD-t) post hoc test. Nonparametric test (Kruskal–Wallis test, K–W

test) was adopted under nonnormal distribution or heterogeneity of

variance among groups. The differencewas considered statistically sig-

nificantwhen p< .05. All statistical analyseswereperformedwith SPSS

22 (SPSS, USA).

3 RESULTS

3.1 Changes of Cx36 in HMGB1 mediated
depressive-like behaviors induced by CUMS

3.1.1 Cx36 was increased by CUMS, while
decreased by GZA

Evidence indicated that Cx36 took part in several pathophysiological

activities, like injury and inflammation (Wang et al., 2019), which was

closely related to depressive disorder. Therefore, we first sought to

see how Cx36 changed in depressive model induced by CUMS. After

4-week chronic stress, behavioral tests including SPT, TST, FST were

performed to confirmwhether depressivemodel was successfully con-

structed. As shown in Figure S1a–c, mice in CUMS group displayed

significantly decreased sucrose preference and prolonged immobil-

ity time, which were important features of depressive disorder. After

treatment with GZA, the above depressive symptoms were obviously

relieved (Figure S1a, F = 5.606, p = .003, analysis of variance; Figure

S1b, F = 2.740, p = .059, analysis of variance; Figure S1c, H = 17.574,

p = .001, K–W test). GZA was a Chinese herbal extract known as the

direct inhibitorofHMGB1.Our results showed thatGZAcouldnotonly

inhibit HMGB1 in both serumand hippocampus, but also reduce down-

stream cytokines like TNF-α and IL-1β (Figure S2a, F= 5.182, p= .006,

analysis of variance; Figure S2b, F = 6.568, p = .002, analysis of vari-

ance; Figure S2c,H=18.218, p< .001, K–Wtest; Figure S2d, F=9.738,

p < .001, analysis of variance; Figure S2e, H = 17.294, p = .001, K–

W test; Figure S2f, H = 18.227, p < .001, K–W test). After that, Cx36

proteins in the hippocampus and prefrontal cortex (PFC) were mea-

sured. Interestingly, the expression of Cx36 was signicantly increased

in CUMS group in the hippocampus but not PFC, while application

of GZA almost totally reversed the increase, (Figure 1a, F = 5.405,

p = .021; Figure 1b, F = 0.582, p = .643, analysis of variance) which

suggested that overexpression of Cx36 in the hippocampus might be

involved in the nflammation of depressive-like behaviors induced by

chronic stress.

3.1.2 Cx36 in hippocampal neurons was increased
by CUMS, while decreased by GZA

Since the expression of Cx36 in hippocampus was greatly changed,

we sought to further nflamm its cellular localization using triple-

labeling immunofluorescence. Neurons, astrocytes and microglias

were labelled in green by NeuN, GFAP, and Iba-1, respectively. Nuclei

were labelled in blue by dapi, and Cx36 in red by its specific antibody.

As shown in Figure 2a, Cx36 was mainly expressed in neurons and

microglia, while hardly expressed in astrocytes. This was consistent

with other studies (Dobrenis et al., 2005; Medina-Ceja et al., 2019). In

order to see how Cx36 changed in hippocampal neurons after differ-

ent treatments, immunofluorescence continued to be adopted asmen-

tioned above. Neurons were labeled in green, Cx36 in red, and nuclei

in blue (Figure 2b). The results based on cell-counting showed the

absolute quantity and proportion of Cx36 positive neurons were both

increased significantly in CUMS group, while decreasedmarkedly after

GZA treatment. Treatment with GZA alone made no difference (Fig-

ure 2c, F= 2.403, p= .098, analysis of variance; Figure 2d,H= 12.833,

p= .005, K–W test).

3.2 Inhibition of Cx36 by quinine could alleviate
depressive-like behaviors induced by CUMS

3.2.1 Qunine alleviated depressive-like behaviors
induced by CUMS

On the basis of the above findings, the depressive-like behaviors

of mice induced by chronic stress could be obviously alleviated by
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F IGURE 1 GZA decreased the expression of Cx36 in hippocampus induced by CUMS. (a) Expression of Cx36 in hippocampus was significantly
increased by CUMS, while decreased after treatment with GZA (*p< .05, **p< .01, n= 6–8 for each group). (b) There was no significant difference
of Cx36 expression among groups (p> .05, n= 6–8 for each group). GZA, glycyrrhizinic acid; Cx36: Connexin36; CUMS: chronic unpredictablemild
stress

inhibition ofHMGB1byGZA,whichmight be throughdown-regulation

of Cx36. Therefore, we went on to see whether direct inhibition of

Cx36 by its specific inhibitor, quinine, could play such a therapeutic

role. After 4-week stress, behavioral tests were performed including

SPT, TST, FST, and OFT. According to the results, CUMS led to signif-

icantly lower sucrose preference and extended immobility time dur-

ing SPT, TST, and FST, while application of quinine could markedly alle-

viate those symptoms. Treatment with quinine alone made no differ-

ence (Figure 3a, H = 24.250, p < .001, K–W test; Figure 3b, F = 7.823,

p < .001, analysis of variance; Figure 3c, H = 14.609, p = .002, K–W

test).OFTwas adopted toobserve the spontaneous activities ofmice in

thenovel environment, andoftenused todeterminewhether therewas

anxiety-like behaviors (Dobrenis et al., 2005;Medina-Ceja et al., 2019).

In our study, therewere no significant differences in the central or total

distance among groups, which indicated anxiety-like behaviors were

absent.(Figure 3d, H = 0.457, p = .928; Figure 3e, H = 0.291, p = .962,

K–W test)

3.2.2 Qunine decreased pro-inflammatory
cytokines in the serum and hippocampus induced by
CUMS

According to our findings, inhibition of Cx36 by quinine could play

a therapeutic role in depressive-like behaviors induced by CUMS. In

addition, studies have indicated that cytokines could be regulated by

Cx36 (Wang et al., 2020). Therefore, to further investigate the possi-

ble underlying mechanisms, ELISA was adopted to detect three classi-

cal proinflammatory cytokines in the serum and hippocampus of mice,

whichmight be associated with our study, namely HMGB1, TNF-α, and
IL-1β. As shown in Figure 4, either in the serum or hippocampus, the

levels of HMGB1, TNF-α and IL-1β were all significantly increased in

CUMS group, while treatment of quinine markedly decreased them.

Applicationof quinine alonemadenodifference (Figure4a,H=18.914,

p < .001, K–W test; Figure 4b, H = 10.566, p = .014, K–W test;

Figure 4c, H = 17.027, p = .001, K–W test; Figure 4d, H = 17.217,

p = .001, K–W test; Figure 4e, H = 13.099, p = .004, K–W test;

Figure 4f, F = 10.104, p < .001, analysis of variance). These results

suggested that inhibition of Cx36 was likely to prevent the proin-

flammatory cytokines from releasing, thus alleviating depressive-likex

behaviors.

3.3 Inhibition of HMGB1 and Cx36 altered the
electrical activities of hippocampal neurons induced
by LPS

Since depressive-like behaviors were ultimately related to the elec-

trical activities of neurons and their survival, we sought to explore

whether GZA and quinine could improve such activities. In order to

obtain neurons approximating the in vivo ones as closely as possible,

we chose primary hippocampal cultures. Whole-cell patch clamping

was adopted to record the electrical activities of hippocampal neu-

rons in different groups. Herewe used lipopolysaccharide (LPS) to sim-

ulate the inflammatory environment of neurons in vivo. Experimen-

tal evidence has shown that LPS was able to induce acute depressive-

like behaviors, and could elevate several pro-inflammatory cytokines

including HMGB1, TNF-α, IL-1β, and so on (Aguilar-Valles et al., 2015;

Walker et al., 2019). Therefore, we chose LPS to investigate the

changes of neuronal excitability and currents induced by stress, which

were represented by action potentials (Aps) and inward currents.

First, the single actionpotentialwas recorded (Figure5a). Theampli-

tude and half width of each neuron was measured and analyzed. Com-

pared with the control group, LPS could significantly increase the

amplitude of the action potential, while application of GZA or quinine

could both restore it. Treatment with GZA or quinine alone made no

difference (Figure 5b, F = 2.873, p = .012, analysis of variance). As to

the half width of the action potential, there was no significant change

among all the groups (Figure 5c,H= 0.424, p= .995, K–W test).

Then, the firing frequency of action potentials was recorded (Fig-

ure 6a). When the frequency was plotted against injected current

steps, there were significant differences among groups. LPS could

markedly increase the firing frequency within the current range of

150—300 pA, while treatment with GZA or qunine could significantly
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F IGURE 2 Changes of Cx36 in hippocampal neurons of mice exposed to CUMS andGZA. (a) Cx36 (red) was colabeled with neurons (NeuN,
green), astrocytes (GFAP, green), microglia (Iba-1, green), and nuclei (DAPI, blue) in hippocampal slices of control mice. Cx36was expressed in
hippocampal neurons andmicroglia, but not in astrocytes (Scale bar: 50 μm). (b) Cx36 (red) was colabeled with neurons (NeuN, green) and nuclei
(DAPI, blue) in the hippocampus of different groups (Scale bar: 50 μm). The quantity (c) and proportion (d) of Cx36 positive neurons in the
hippocampus were both significantly increased by CUMSwhile decreased after treatment with GZA (*p< .05, ***p< .001, n= 6 for each group).
GZAGlycyrrhizinic acid; Cx36, Connexin36; CUMS, chronic unpredictable mild stress; NeuN, neuronal nuclei antigen; GFAP, Glial Fibrillary Acidic
Protein; Iba-1, ionized calcium binding adapter molecule 1; DAPI, 4,6-diamidino- 2-phenylindole

decrease it. Application of GZA or quinine alone made no difference

(Figure 6b, F = 103.861, p < .001, analysis of variance). Similarly, the

threshold and rheonobase current of the action potentials were all

decreased when mice were exposed to LPS treatment, while applica-

tion of GZA or quinine could significantly increase them. There was no

significant change when GZA or quinine was applied alone (Figure 6c,

F= 2.806, p= .013; Figure 6d, F= 2.501; p= .021, analysis of variance).

Since the change of Aps was often due to the flux of ions and intra-

cellular ion overload would lead to neuronal excitatory damages, the

inward currents of hippocampal neurons were recorded afterwards

(Figure 7a). Exposure to LPS could significantly increase the inward

current of hippocampal neurons, while application of GZA or quinine

obviously decreased the current. Therewasno significant changewhen

GZA or quinine was applied alone (Figure 7b, H = 17.213, p = .004, K–

W test). These results suggested that the excitability of hippocampal

neuronswas remarkably increased under stress, whichmight take part

in the pathophysiology of depressive-like behaviors. Besides, inhibition

of HMGB1 or Cx36 could play a neuroprotective role through mitiga-

tion of such excitability.

4 DISCUSSION

Our findings indicated that the increase of Cx36 might be involved

in HMGB1-mediated depressive-like behavious induced by CUMS.

Inhibition of HMGB1 might alleviate depressive symptoms through
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F IGURE 3 Quinine alleviated depressive-like behaviors induced by CUMS. CUMS significantly decreased the sucrose preference (a) and
extended the immobility duration of mice in TST (b) and FST (c), while treatment with quinine couldmarkedly alleviate these symptoms (a–c)
(*p< .05, **p< .01, ***p< .001, n= 8–10 for each group). However, there was no significant difference in the total distance (d) and central distance
(e) among the treated groups in OFT (p> .05, n= 8–10 for each group). GZA, Glycyrrhizinic acid; Cx36, Connexin36; CUMS, chronic unpredictable
mild stress; TST, tail suspension test; FST, forced swimming test; OFT, open field test

F IGURE 4 Quinine decreased the release of pro-inflammatory cytokines in serum and hippocampus induced by CUMS. The hippocampal
levels of HMGB1 (a), TNF-α (b), and IL-1β (c) were significantly increased by CUMS, but decreased significantly after treatment with quinine (a–c)
(*p< .05, n= 8–10 for each group). Similarly, the serum levels of HMGB1 (d), TNF-α (e), and IL-1β (f) were also increased significantly by CUMS and
decreased after quinine administration (*p< .05, **p< .0l, ***p< .001, n= 8–10 for each group). CUMS, chronic unpredictablemild stress; HMGB1,
highmobility group box 1; TNF-α, tumor necrosis factor alpha; IL-1β, interleukin-1β

down-regulation of Cx36 and subsequent inflammatory cytokines

like TNF-α and IL-1β, as well as reducing the neuronal excitotoxic-

ity. Furthermore, inhibition of Cx36 could also mitigate depressive

symptoms which might be through blocking the release of central

and peripheral proinflammatory cytokines like HMGB1, TNF-α,
IL-1β, and reducing the neuronal excitotoxicity as well. Interest-

ingly, there might be a strong mutual interaction between HMGB1

and Cx36 in the development of depressive-like behaviors induced

by CUMS.

So far, many hypotheses have been proposed about the etiology and

pathophysiology of depressive disorder, however, no single one could

perfectly explain all aspects of the disease. Dysfunction of Cxs was a

relatively new hypothesis andmight act as bridges among those mech-

anisms (Ren et al., 2018). Evidence from animal studies of depressive

disorder and autopsies of patients with major depressive disorder or

suicidal behaviors showedoverexpressionordysfunctionofCxs inneu-

roglial cells in the CNS and antidepressants could cure these abnor-

malities (Belousov et al., 2017). Cxs might block the propagations of
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F IGURE 5 Quinine and GZA reduced the amplitude of single action potential induced by LPS in hippocampal neurons. (a) The Action potential
waveforms of hippocampal neurons from different groups. (b) The amplitude of action potentials was significantly increased by LPS, while
decreased after treatment with GZA or quinine (*p< .05, n= 8 for each group). (c) There was no significant difference in half width of action
potentials among different groups (p> .05, n= 8 for each group). GZA, Glycyrrhizinic acid; LPS, lipopolysaccharide

spreading depressions by promoting the uptake of glutamate and K+,

thus leading to neuronal inactivation. These results were consistent

with our findings. It was the first time to discover that expression of

Cx36 was increased significantly in the hippocampus of mice exposed

to CUMS, while treatment with GZA obviously improved depressive

symptoms through down-regulation of Cx36, suggesting that Cx36

might play a destructive role in depression. Interestingly, GZA was an

inactive analogue of CBX, the nonselective inhibitor of gap junctions.

The drug itself could not bind to Cxs to exert biological effects (Mitrou

et al., 2016; Ozog et al., 2002a; Patrone et al., 2014). However, accord-

ing to our previous work, GZA could alleviate depressive-like behav-

iors of mice through inhibition of HMGB1 (Wang et al., 2018). Evi-

dence also indicated that GZA might directly bind to HMGB1 or form

DNA complex so that the nuclear translocation or release of HMGB1

was obstructed (Bailly & Vergoten, 2020). In this way, HMGB1 could

not interact with its receptors like advanced glycation end products

receptors (RAGE), toll-like receptors (TLR) 2 and TLR4, which also pre-

vented the follow-up increase of other inflammatory cytokines like

TNF-α and IL-1β (Lian et al., 2017). Hence, the physiological activity

of HMGB1 was decreased and GZA exerted anti-inflammatory effects

(Bailly & Vergoten, 2020). Therefore, we conjectured that increase of

Cx36 in CUMS might be mediated by HMGB1. This was also seen

in other studies that expression of Cx36 was significantly elevated

by injection of capsaicin, CFA or IL-6 in different models of injury,

while inhibition of Cx36 could alleviate the inflammatory symptoms

and motor deficits (Garrett & Durham, 2008;Wang et al., 2019). How-

ever, in a study of cytokine-induced oxidative stress, pro-inflammatory

cytokines like IL-1β, TNF-α, and IFN-γ could markedly down-regulate

the expression of Cx36 through activation of AMPK (Allagnat et al.,

2013). These obviously contradictory results might be probably due

to the different functional constructions of Cx36, namely GJs and

HCs (Quesseveur et al., 2015). Studies indicated that the roles of HCs

and GJs in depressive disorder might be totally opposite. Promotion

of GJs communication between neuroglial cells might increase neu-

rotrophic supplies and enhance brain plasticity, thus playing an antide-

pressant role (Jeanson et al., 2016). However, enhanced activities of

HCs might result in the increase of glutamate-induced excitotoxicity

and neural injuries (David et al., 2009; Hanstein et al., 2009; Orellana

et al., 2015; Rainer et al., 2012). Although Cx36 inhibitors or gene-

editing of Cx36 were found to alleviate or exacerbate sick behaviors

in different animal models, their effects on Cx36 protein itself or the

functions of HCs and GJs were not yet clear. In our study, the func-

tions of Cx36 HCs and GJs were not covered as well, so we were

going to arrange more researches to further explore the underlying

mechanisms.

Both clinical and experimental evidence showed that the emotional

circuits associated with depressive disorder consisted of different

parts of the brian, such as PFC, ventral hippocampus, amygdala and

nucleus accumbens (Nac) (Wang, Wang et al., 2021). In our study, we

found the increase of Cx36 induced by chronic stress mainly appeared

in the hippocampus, but not PFC. One possibility was that the expres-

sion of Cx36 might be time- and region-dependent. In a study of an

inflammatory CNS disease, the expression of Cx36 began to change

in the hippocampus four weeks after inflammation was induced, while

it did not change in the cortex until 8 weeks later (McCracken et al.,

2005). Therefore, the findings that Cx36 in PFC did not change obvi-

ously under chronic stress might be due to the limited duration of

the experiment. Although Cx36 was expressed in both the hippocam-

pus and PFC (McCracken et al., 2005), studies on the role of Cx36

in neuropsychiatric diseases focused mainly on hippocampus rather
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F IGURE 6 Qunine andGZA reduced the excitability of hippocampal neurons induced by LPS. (a) The representative voltage response traces of
hippocampal neurons from different groups. (b) The firing frequency of hippocample neurons was significantly increased by LPSwith the injecting
current of 150–300 pA, while decreased after treatment with GZA or quinine (***p< .001, n= 8 for each group). In addition, the AP threshold (c)
and rheobase (d) of hippocampal neurons were both decreased by LPS, but recovered after treatment with GZA or quinine (*p< .05, n= 8 for each
group). GZA, Glycyrrhizinic acid; LPS, lipopolysaccharide

than PFC. More evidence was needed to discuss the changes of Cx36

in PFC.

Evidence showed that Cx36 was expressed mainly in neurons and

microglia, while hardly in astrocytes or other immunocytes, (Dobre-

nis et al., 2005; Nagy & Rash, 2017) which was consistent with our

immunohistochemical results. Furthermore, Cx36 might be expressed

only in a minority of neurons such as interneurons in hippocampus and

thalamus, sparseneurons innewcortex. In theseneurons,Cx36 formed

electrical synapses for messaging, while in most other neurons, chemi-

cal synapses were predominate (Mesnil et al., 2021). It was also found

that Cx36-positive neurons were mostly GABA-ergic inhibitory nflam-

mation, which might be an important cellular basis in Cx36-mediated

depressive-like behaviors (Hamzei-Sichani et al., 2012; Köster-Patzlaff

et al., 2009). Furthermore, GABA-ergic neurons were demonstrated

to be highly activated in CUS-induced depressive-like behaviors, while

inhibition of their activities could play an antidepressant role (Wang

et al., 2021). Therefore, Cx36might promote depressive-like behaviors

through enhancing the excitability of GABA-ergic neurons. However,

the exact role of GABA-ergic neurons in depressive disorder was dis-

puted and neededmore researches to confirm.

Since the increase of Cx36 might aggravate depressive-like behav-

iors and GZA could not block Cx36 directly, we then sought to choose

a relatively specific inhibitor, namely quinine. Quinine was reported to

be the inhibitor of both Cx36 and Cx50. However, Cx50 was hardly

expressed in mammals and only seen in lens (Srinivas et al., 2001).

Hence, quinine was applied as the specific inhibitor of Cx36 (Farid-

kia, Yaghmaei, Nassiri-Asl, 2016; Nassiri-Asl, Zamansoltani, Torabine-

jad, 2009). In studies of epilepsy andmigraine, quinine was found to be

able to alleviate cognitive impairments and headache through down-

regulation of Cx36, which was consistent with our findings that qui-

nine could alleviate depressive-like behaviors induced byCUMS (Gajda

et al., 2005; Nassiri-Asl et al., 2008; Sarrouilhe et al., 2014). However,

therewere also findings that inhibition of Cx36 by quinine or knockout

of Cx36 could promote epileptic hyperexcitability and accelerate kin-

dling epileptogenesis (Ghanbarabadi & Sayyah, 2013; Pais et al., 2003).

There might be two possible explanations for these paradoxical obser-

vations. On one hand, the role of quinine might depend on the mutual

interaction between chemical and electric synapses and towhat extent

they were involved in different models of CNS diseases (Ghanbarabadi

& Sayyah, 2013). On the other hand, it might be due to the off-target
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F IGURE 7 Qunine and GZA attenuated the inward current of
hippocampal neurons induced by LPS. (a) The representative current
traces of hippocampal neurons from different groups. (b) The inward
current was significantly increased by LPS, while decreased after
treatment with GZA or quinine (*p< .05, n= 8 for each group). GZA,
glycyrrhizinic acid; LPS, lipopolysaccharide

effects of quinine at a higher dose (e.g., 400 μM), whichwas considered

as a less likely explanation but could not be completely ruled out (Voss

et al., 2009). Additionally, neither chronic stress nor quinine treatment

produced an impact on the locomotor activity and anxious status of

mice in OFT (Figure 3), indicating that chronic stress or quinine treat-

ment made no difference to the excitability of central nervous system,

which was consistent with other studies (Frisch et al., 2005; Su et al.,

2018). In a recent study, neither5weeksnor9weeksofCUMSchanged

the locomotor activity of mice in OFT (Wang et al., 2021). As to qui-

nine, similar results showed that knockout of Cx36 did not affect the

locomotor activity of mice in OFT (Frisch et al., 2005; Steffensen et al.,

2011). However, quinine might be able to improve the impaired loco-

motor activity in neuropsychiatric diseases (Nassiri-Asl et al., 2009).

Inhibition of Cx36by quinine could subsequently reduce the release

of pro-inflammatory cytokines like HMGB1, IL-1β, and TNF-α in the

serum and hippocampus of mice exposed to CUMS, which was con-

sistent with other studies. On the circumstances of injury, infection or

stress, the innate immune systemcould be activated and induce inflam-

mation afterwards to exert protective physiological effects (Vezzani

et al., 2016). In most CNS diseases, a common underlying mechanism

might be the inflammatory cascade reaction triggered by the release of

inflammatory cytokines (Vezzani et al., 2016). Clinical evidence showed

that inflammatory mediators were elevated in patients with depres-

sive disorder, such as HMGB1, IL-1β, TNF-α, CRP, IL-6, and so on

(Leighton et al., 2018). In addition, animal studies also showed that in

different models of depressive disorder, the inflammatory cytokines

in the serum and CNS were increased significantly (Leighton et al.,

2018; Miller et al., 2009). Furthermore, both clinical and experimen-

tal evidence indicated that administration of certain proinflamma-

tory cytokines like IL-1β, TNF-α, or IFN-α could induce depressive

symptoms or depressive-like behaviors, such as cognitive impairment,

psychomotor retardation, reduced social, or exploratory behaviors

(Dantzer et al., 2008; Eggermont et al., 2008; Friebe et al., 2010; Kim

et al., 2016; Reichenberg et al., 2005). On the contrary, treated with

anti-inflammatory drugs or conditional knockout of inflammatory fac-

tors likeHMGB1 could improve these symptoms (Coleman et al., 2018;

Kappelmann et al., 2018; Musumeci et al., 2014; Tyring et al., 2006; Ye

et al., 2019). There was also evidence that stress could enhance the

activity of Cx36 HCs in neurons by direct or indirect overactivation

of microglias, thus promoting the release of cytokines like TNF-α and

IL-1β (Orellana et al., 2009; Sánchez et al., 2020). Treatment with qui-

nine or GZA could in turn attenuate inflammatory symptoms through

inhibition of certain proinflammatory cytokines, such as TNF-α, IL-1β,
chemokine C-C motif ligand (CCL) 3, and chemokine C-X-C motif lig-

and (CXCL) 8 (Grassin-Delyle et al., 2019; Wang & Han et al., 2019).

GZA might inhibit HMGB1 at first and subsequently reduce the levels

of other inflammatory cytokines like TNF-α and IL-1β (Lian et al., 2017).
However, the mechanisms underlying down-regulation of inflamma-

tory cytokines by quinine were complicated. In spite that quinine was

a relatively specific inhibitor of Cx36, it could also bind to other pro-

teins or ion channels to exert off-target effects (Grassin-Delyle et al.,

2019;Maruyama et al., 1994). Therefore, more studieswere needed to

further invesitigate themechanism.

In our study, an interesting finding drew our attention that HMGB1

and Cx36 might interact with each other mutually in the development

of depressive disorder. Under CUMS, inhibition of HMGB1 by GZA

could down-regulate the expression of Cx36, while inhibition of Cx36

by quinine could in turn reduce the release of HMGB1 in the serum

and hippocampus. Similar results were also found in other researches.

Under nflammation, the release of HMGB1 by immune or nonimmune

cells could be regulated by Cxs in the ultimate stage of nuclear translo-

cation (Wang et al., 2020). The common mechanism might be the

altered permission ofCxHCs in these processesmediated by the direct

interaction with HMGB1 or its vectors. On the other hand, HMGB1

could also promote the release of other cytokines like TNF-α and IL-1β
through regulation of Cx HCs in a study of osteocytes and osteoclasts

(Davis et al., 2019). These results indicated that the possible mutual

promotion ofHMGB1andCx36with each other in depressive disorder

might promote the process,whichwere in needof further experiments.

Our results also showed that exposure to LPS could increase the

excitability and influx of ions in hippocampal neurons, which was

consistent with many studies. LPS was the important constituent in

the outer membrane of Gram-negative bacteria. It has been widely

used in animal studies in vivo and vitro to explore the mechanisms

underlying inflammatory CNS diseases (Laflamme et al., 2003; Rivest,

2003). Studies in vivo showed that intraperitoneal or intracerebroven-

tricular injection of LPS could induce acute depressive-like behav-

iors in rodents, which might be through the increase of proinflam-

matory mediators like HMGB1, IL-1β, cyclooxygenase 2 (COX-2),

nitric oxide (NO), and prostaglandin (PG) (Leighton et al., 2018). Like-

wise, studies in vitro found that acute inflammation induced by LPS

could promote the excitatory synaptic transmission and enhance neu-

ronal excitability (Gao et al., 2014). One possibility was that the
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F IGURE 8 Aworkingmodel to explain the therapeutic effects of Cx36 inhibition in HMGB1-mediated depressive-like behaviors induced by
CUMS. Inhibition of Cx36 in the hippocampus could down-regulate the increased HMGB1 induced by CUMS, as well as the downstream cytokines
like TNF-α and IL-1β. Besides, inhibition of Cx36 andHMGB1 could also reduce the excitability and intracellular ion overload of hippocampal
neurons. Cx36, Connexin36; HMGB1, highmobility group box 1; CUMS, chronic unpredictable mild stress; GZA, glycyrrhizinic acid; TLR4, toll-like
receptors 4; TNF-α, tumor necrosis factor alpha; IL-1β, interleukin-1β

increased excitability was mediated by those immunogenic or inflam-

matory factors induced by LPS. For instance, IL-1β could enhance

the excitatory synaptic transmission through activation of N-methyl-

D-aspartate-receptors (NMDARs), while TNF-α could increase the

frequency of spontaneous excitatory postsynaptic current (sEPSC)

in hippocampal and spinal neurons (Gao et al., 2014). Our findings

showed that LPS increased the amplitude and frequency of Aps,

lowered the threshold and rheonobase currents, but did not affect

the duration of Aps in hippocampal neurons. These were consis-

tent with some studies, (Gomez et al., 2019) while others also found

LPS did not obviously change the amplitude of Aps in hippocam-

pal CA1pyramidal neurons (Gao et al., 2014). The possible explana-

tion was that different kinds of inflammatory mediators induced by

LPS might exert complex effects on ion channels, while our findings

were the final comprehensive effects. For example, IL-1β could acti-

vate voltage-gated calcium channels and inhibit voltage-gated sodium

channels, while TNF-α could up-regulate voltage-gated sodium chan-

nels (NAV1.3 and NAV1.8) and increase sodium influx. However,

the underlying mechanisms how LPS enhanced neuronal excitabil-

ity and synaptic transmission are not fully clarified. There was evi-

dence that LPS could be recognized by TLR4 in microglia, thus induc-

ing the release of proinflammatory cytokines (e.g., IL-1β and TNF-

α), and then activating Cx HCs. The enhanced permeability of HCs

could lead to the increase of Ca2+ influx and extracellular glutamate

in hippocampal CA1 neurons. These findings indicated that activated

microglia might change the activity of neurons through Cxs. In fact,

augmented functions of Cxs between neurons and microglia were

considered to be an important mechanism underlying the increased

neuronal excitability in a variety of inflammatory CNS diseases

(Medina-Ceja et al., 2019).

In our study, we also observed that treatment with GZA or qui-

nine could decrease the amplitude and frequency of APs, increase

the threshold and rheonobase currents, and decrease inward cur-

rents, while application of GZA or quinine alone did not made any dif-

ferences to the electrical characteristics of hippocample neurons. As

mentioned above, GZA was an inactive analog of CBX that could not

directly inhibit Cxs. Evidence showed that GZA itself did not affect the

action potential, voltage-gated Na+ current (INa), or voltage-gated K+

current (IK) evoked by depolarizing voltage steps (Elsen et al., 2008;

Kimura et al., 1985). However, in the presence of other stimulators like

glutamate or sustained depolarization (SD), GZA could diminish the

inward Ca2+ current (Cherng et al., 2006; Kimura et al., 1985). As to

quinine, evidence also showed that in normal artificial cerebrospinal

fluid (ACSF), it did not produce influences on the resting membrane

potential, input resistance (Rin), AP threshold or amplitude of evoked

population spikes (PS) in hippocampal CA1 pyramidal neurons (Bik-

son et al., 2002). The effects of quinine on the elecrical characteris-

tics of neurons lied in the increase of the duration and decrease of

the firing frequency of APs in the process of SD, but it produced no

effects on normal resting membrane potentials (Bikson et al., 2002).
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Furthermore, quinine could inhibit extracellular transient potassium

current and reduce the firing frequency in a voltage-dependent man-

ner (Cummings et al., 2008). There was also evidence that under nor-

mal membrane potential, quinine had no effect on the evoked cur-

rent, but it could significantly inhibit the calcium influx during depo-

larization (Seemann et al., 2018). In spite of these observations, the in

depth researches were still in need to further expound the underlying

mechanisms.

5 CONCLUSIONS

In summary, inhibition of Cx36 in hippocampal neurons might atten-

uate HMGB1 mediated depressive-like behaviors induced by CUMS

through down-regulation of proinflammatory cytokines and reduction

of the excitability and intracellular ion overload, thus playing an antide-

pressant role (Figure 8). Cx36 and HMGB1 might mutually promote

each other in the development of depressive-like behaviors so that

inhibition of themmight be of benefit to depressive disorder.
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