
Vol.:(0123456789)

Molecular Neurobiology (2025) 62:4319–4337 
https://doi.org/10.1007/s12035-024-04536-3

ORIGINAL ARTICLE

Connexin43 Contributes to Alzheimer’s Disease by Promoting 
the Mitochondria‑Associated Membrane‑Related Autophagy 
Inhibition

Weiwei Yu1 · Yunong Li1 · Yao Li1 · Jun Hu1 · Jun Wu1 · Xuhui Chen1 · Yining Huang2   · Xin Shi1

Received: 16 July 2023 / Accepted: 5 October 2024 / Published online: 23 October 2024 
© The Author(s) 2024

Abstract
The perturbed structure and function of mitochondria-associated membranes (MAM), instead of the amyloid cascade, have 
been gradually proposed to play a basic role in the pathogenesis of Alzheimer’s disease (AD). Notably, autophagy inhibition 
is one of the main mechanisms of MAM dysfunction and plays an important role in neuronal injury. However, the upstream 
molecular mechanism underlying the MAM dysfunctions remains elusive. Here, we defined an unexpected and critical role 
of connexin43 (Cx43) in regulating the MAM structure. The expression levels of Cx43 and mitofusin-2 (MFN2, the MAM 
biomarker) increase significantly in 9-month-old APPswe/PS1dE9 double-transgenic AD model mice, and there is an obvi-
ous colocalization relationship. Moreover, both AD mice and cells lacking Cx43 exhibit an evident reduction in the MAM 
contact sites, which subsequently promotes the conversion from microtubule-associated protein 1 light-chain 3B I (LC3B-I) 
to LC3B-II via inhibition mTOR-dependent pathway and then initiates the generation of autophagosomes. Autophagosome 
formation ultimately promotes β-amyloid (Aβ) clearance and attenuates Aβ-associated pathological changes in AD, mainly 
including astrogliosis and neuronal apoptosis. Our findings not only reveal a previously unrecognized effect of Cx43 on MAM 
upregulation but also highlight the major player of MAM-induced autophagy inhibition in Cx43-facilitated AD pathogenesis, 
providing a novel insight into the alternative therapeutic strategies for the early treatment of AD.
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Introduction

Dementia is a general term for a class of slowly progres-
sive degenerative diseases that are characterized by cogni-
tive impairment, among which Alzheimer’s disease (AD) is 
the most common form [1]. World Alzheimer Report 2014 
reveals that the number of people living with dementia 

worldwide is estimated at 44 million with AD accounting for 
about 50–75% [2]. What is even more remarkable is that this 
number will set to almost double by 2030 and more than tri-
ple by 2050 owing to the sharp increase in the over-65 pop-
ulation [3]. However, the pathophysiological mechanisms 
underlying AD are still not well understood despite great 
efforts since the first case in 1907 [4], which seriously hin-
ders the development of curative treatments for AD. Based 
on the two cardinal positive histopathological hallmarks in 
AD patients’ brain, the extracellular accumulation of neu-
ritic plaques mainly containing β-amyloid (Aβ) and intra-
cellular neurofibrillary tangles (NFTs) mostly consisting of 
hyperphosphorylated tau protein, Hardy and Higgins first 
proposed the amyloid cascade hypothesis in 1992 [5]. The 
amyloid cascade hypothesis is the most prevalent hypothesis 
for AD pathogenesis, and both Aβ and P-tau are considered 
to be the targets for AD potential treatments. Unfortunately, 
early successes in comparative studies about the targeted 
therapies toward Aβ ended in the failure of clinical trans-
formation [6]. Therefore, scholars claim that Aβ may not be 
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the primary cause of AD pathogenesis. Firstly, although the 
amyloid cascade hypothesis is indeed persuasive to explain 
how mutations in amyloid precursor protein (APP) and 
presenilin1/2 (PS1/2) genes contribute to family AD [7], 
it hardly explains the pathological changes in sporadic AD 
and some morphological and biochemical features in the 
early onset AD, mainly including aberrant calcium homeo-
stasis [8], altered phospholipid metabolism [9], elevated 
serum cholesterol [10], mitochondrial dysfunction [11], and 
autophagy. Therefore, AD is a complex multifactorial dis-
ease, and clarifying the novel molecular mechanisms of AD 
is particularly important for the early intervention of AD.

Mitochondria-associated membranes (MAM) refer to 
the physical interaction between the endoplasmic reticulum 
(ER) and mitochondria, with a stable membrane distance of 
10–30 nm [12]. The closely apposed membrane proves that 
MAM is not the simple membrane fusion but the utilization 
of proteinaceous tethers. Poston et al. reveal 1212 highcon-
fidence proteins presenting at MAM in the brain, and the 
commonly studied MAM proteins are mitofusin2 (MFN2) 
and acetyl-Coenzyme A acetyltransferase 1 (ACAT1) [13]. 
MFN2, an outer mitochondrial membrane (OMM) profusion 
protein, is recognized as the first protein to participate in 
directly regulating the ER-mitochondria apposition through 
transorganellar homotypic and heterotypic interactions [14]. 
ACAT1, the only known enzyme for esterifying free cho-
lesterol to cholesteryl ester, is enriched in MAM and rec-
ognized as a marker to evaluate MAM functions [15]. On 
the whole, MAM proteins can facilitate the two organelles 
to communicate with each other, both physically and bio-
chemically, which ensures MAM to be normally involved 
in multiple biological processes, such as Ca2+ homeostasis, 
glucose, phospholipids, and cholesterol metabolism [16]. 
Emerging evidence indicates that perturbed MAM func-
tions play a critical role in degenerative diseases, especially 
in the early AD cascade events. In postmortem AD brains, 
the contact sites between ER and mitochondria significantly 
increase [17], and the MAM proteins involved in Aβ gen-
eration, mainly including PS1/2 and γ-secretase, are also 
obviously upregulated even in APPSwe/Lon mice as young 
as 2 months [18]. Thus, MAM may play a vital role in the 
early AD cascade events via providing an accurate explana-
tion for the early morphological and biochemical changes in 
AD. However, the upstream molecular mechanism leading 
to the upregulation of MAM in AD has not yet been identi-
fied. Connexin43 (Cx43), the most abundantly expressed 
connexin in the brain, can constitute the high-conductance 
membrane channel named gap junction (GJ), which guaran-
tees more efficient intercellular communication both electri-
cally and biochemically [19]. Cx43 is also highly expressed 
in the ER and mitochondria membrane [20, 21] and has the 
similar functions to MAM including Ca2+ homeostasis, oxi-
dative stress, inflammation, lipid metabolism, apoptosis, and 

autophagy [16, 22], mainly through interacting with mul-
tiple proteins presenting in MAM [23–26]. Furthermore, 
Cx43 and MAM play a synchronous regulatory role in AD 
pathogenesis [27]. Studies have shown that Cx43 activity is 
significantly increased in the postmortem AD brains and AD 
model mice [28], which subsequently reduces the effective 
clearance of abnormally aggregated proteins and damage/
dead cells by negatively regulating autophagy [29], ulti-
mately promoting Aβ deposition and leading to AD. Despite 
many similarities between Cx43 and MAM, no studies have 
been conducted on the correlation between Cx43 and MAM 
in AD.

Based on the current available researches, we specu-
late whether Cx43 and MAM are on the same regulatory 
pathway and that Cx43 is even the upstream regulator of 
MAM. Interestingly, our study has revealed an obvious 
immunostaining colocalization between Cx43 and MFN2 
in brains of the double-transgenic APPswe/PS1dE9 mice 
(APP/PS1 mice for short), which preliminarily confirms 
our speculation and encourages us to further address the 
role of Cx43 in MAM structure and function. Subsequently, 
we utilize Cx43 knockout or siRNA inhibition in AD mice 
and cells to demonstrate that Cx43 deficiency not only 
reduces the contact sites between the ER and mitochondria 
but also eliminates the MAM-induced autophagy inhibition 
by restraining mechanistic target of rapamycin (mTOR)-
dependent signaling pathway. Activated autophagy thereby 
promotes the clearance of abnormal Aβ aggregation in AD 
and decreases the subsequent neuronal toxicity, finally atten-
uating Aβ-associated pathological changes in AD. These 
expected findings will indeed provide a theoretical basis for 
early intervention of AD and help to discover the new clini-
cal treatment strategies and potential biological intervention 
targets.

Materials and Methods

Animals

The double-transgenic APP/PS1 mice were obtained from 
Nanjing Biomedical Research Institute of Nanjing University 
(China) as an AD model, and the globally heterozygous Cx43 
(Cx43±) mice were acquired from Shanghai Biomodel Organ-
ism Science & Technology Co. (China). Then, APP/PS1Cx43± 
mice were generated by crossbreeding APP/PS1 mice with 
Cx43± mice, and wild-type (WT) mice routinely served as 
controls. Mouse genotypes were identified via PCR technol-
ogy. Mice used in our experiment were housed in the specific 
pathogen-free (SPF) animal facility of Peking University First 
Hospital with a 12-h light/dark cycle and free access to food 
and water. All experiments on mice were conducted at Peking 
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University First Hospital and in compliance with the ethics 
approval obtained from Peking University First Hospital.

Immunohistochemistry

After the intraperitoneal anesthesia with 40 mg/kg sodium 
pentobarbital, brains were dissected from mice with phosphate 
buffer saline (PBS) transcardially perfused, which were fixed 
in 4% paraformaldehyde (PFA) for 24 h and then equilibrated 
in a 30% sucrose solution, ultimately embedded in paraffin. 
The paraffin-embedded brains were sectioned at 4 µm. After 
a series of dewaxing, rehydration, and antigen retrieval, brain 
sections were incubated with 10% normal goat serum for 1 h at 
room temperature (RT). Anti-myelin-associated glycoprotein 
(MAG) antibody was used to incubate sections overnight at 
4 °C followed by the incubation of secondary antibody for 1 h 
at RT. Finally, the sections were treated with diaminobenzidine 
(DAB) to observe the MAG staining in the corpus callosum 
(CC) by light microscopy.

Hematoxylin–Eosin (HE) Staining

Paraffin-embedded sections were dewaxed with xylene three 
times for 10 min followed by rehydration through varying con-
centrations of ethanol from 100 to 70%. The sections were 
stained with hematoxylin for 1 min, and the residual hema-
toxylin was removed with PBS. The hematoxylin-stained sec-
tions were then treated with eosin stain for 30 s. Finally, these 
sections were dehydrated with 70 to 100% ethanol followed by 
xylene transparent. The stained sections were covered by slips 
and then observed with a light microscope to investigate the 
white matter (WM) in CC and hippocampal neurons.

Tissue Immunofluorescence Staining and Confocal 
Microscopy

Dissected brains as described above were embedded in 
O.C.T. compound and sectioned at 6 µm. The sections were 
fixed with 4% PFA and then rinsed with PBS to eliminate the 
remaining PFA. After being blocked with 10% normal goat 
serum, the sections were incubated with different primary 
antibodies. After an overnight incubation at 4 °C, the sec-
tions were rinsed with PBS and applied with the correspond-
ing fluorochrome-labeled secondary antibodies for 1 h at 
RT. Finally, coverslips were used to cover sections with the 
fluorescent mounting medium. Fluorescence images were 
examined under a fluorescence microscope.

Evaluation of MAM and Myelin Sheath 
by Transmission Electron Microscopic (TEM)

The ER-mitochondrial contacts and myelin sheath were 
evaluated by TEM as previously described [30]. Briefly, a 

1 mm3 mass of brain tissue or cultured cells was prepared 
and fixed in 2.5% glutaraldehyde solution overnight at 4 °C, 
then rinsed in phosphate buffer. The samples were post-fixed 
in 2% osmic acid (OsO4) for 2 h, dehydrated in ethanol and 
acetone, embedded in an 812 epoxy embedding kit, and 
finally sectioned on a Leica EM UC6/FC6 Ultramicrotome. 
The sections were transferred to copper grids, counter stain-
ing of which was performed with uranyl acetate and lead 
acetate. The images of specimens were obtained through 
TEM. The fraction of mitochondria membrane in contact 
with ER within a range of 50 nm was measured and nor-
malized to the mitochondria perimeter via ImageJ software.

Cell Culture and Viral Transfection

The popular SH-SY5Y neuroblastoma cell line was pur-
chased from the American Type Culture Collection (ATCC; 
USA). SH-SY5Y cells were cultured in DMEM:F12 contain-
ing 10% fetal bovine serum and 100 U/mL penicillin and 
streptomycin and incubated in a humidified incubator (95% 
air/5% CO2) at 37 °C. To simulate the characteristic patho-
logical changes of neurons in AD, we generated the con-
structs designed to encode full-length human APP with both 
K670N/M671L (Swedish) and V717I (London) mutations 
(APPSL, referred to as APP) from the JTS Scientific (Gen-
Bank accession no: NM_201414). Lentivirus harboring anti-
puromycin JLVO-EF1a-APuro (JLV-Puro) was recognized 
as a negative control (NC). Lentivirus supernatants diluted 
in fresh culture medium containing transfection enhancer 
polybrene were used to transfect SH-SY5Y cells cultured in 
6-well plates. After 72 h transfection, cells were collected to 
identify the transfection efficiency via western blot analysis.

Small Interfering RNA (siRNA) Transfection

Human Cx43 siRNA and non-silencing control siRNA 
were obtained from JTS scientific (Beijing, China). siRNA 
transfection was performed as previously described [31]. 
SH-SY5Y cells were incubated in 6-well plates to 70% con-
fluence and then transiently transfected with 20 mM siRNA 
that bounds to Lipofectamine™ 3000 Reagent. After the 
transfected cells were incubated for 24 h in a humidified 
incubator at 37 °C in 5% CO2. Cells were finally collected 
72 h post-transfection to identify the transfection efficiency 
through western blot analysis.

Enzyme‑Linked Immunosorbent Assay (ELISA) Kit 
for Aβ42

The quantitative measurement of Aβ42 in a culture medium 
was performed using an Aβ42 ELISA kit (CEA946Hu) fol-
lowing the instructions. Briefly, aliquots of 50 µL stand-
ards or samples were added to the appropriate microplate 
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wells, respectively. Fifty microliters detection reagent A was 
immediately added to each well and then incubated together 
for 1 h at 37 °C. After aspirating the mixed solution and 
then removing any remaining wash buffer, each well was 
added 100 µL detection reagent B and incubated for 30 min 
at 37 °C. After repeating the aspiration/wash process, each 
well was added 90 µL substrate solution followed by 50 
µL stop solution. Finally, the absorbance was measured at 
450 nm on a microplate reader, and the concentrations of 
samples were obtained from the generated standard curve.

Flow Cytometric Analyses of Apoptosis Assays

Apoptotic SH-SY5Y cells were detected using an Annexin 
V-FITC Apoptosis Detection Kit (Beyotime, C1062M) fol-
lowing the manufacturer’s protocol. Transfected cells were 
cultured in a humidified incubator at 37 °C in 5% CO2 for 
48–72 h and subsequently collected with trypsin without 
EDTA. The harvested cells were centrifugated and resus-
pended with 1 mL PBS. Approximately 5 × 106 cells were 
taken from each group to be incubated with 5 µL Annexin 
FITC and 10 µL propidium iodide (PI) without light for 
15 min at RT. The stained cells were analyzed by flow cyto-
metric, and the statistical significance was analyzed via 
GraphPad Prism 7.0 software.

Cellular Immunofluorescence Staining and Confocal 
Microscopy

Cells were fixed with 4% fresh PFA for 15 min and then 
washed with PBS to remove the remaining PFA. After being 
treated with 0.2% Triton X-100 in PBS to increase mem-
brane permeability, cells were blocked with 10% goat serum 
for 1 h at RT and then incubated with different primary anti-
bodies at 4 °C overnight. Then, the cells were treated with 
corresponding secondary antibodies in the dark for 1 h at 
RT. Finally, the mounted cells were observed under a fluo-
rescence microscope (DMi8, Leica, Germany).

Detection of Apoptosis by Terminal 
Deoxynucleotidyl Transferase‑Mediated dNTP Nick 
End Labeling (TUNEL) Staining

In situ apoptosis was detected by a one-step TUNEL apop-
tosis assay kit (Beyotime, C1088) according to the manufac-
turer’s instructions. Briefly, cells were fixed by 4% PFA for 
30 min and then rinsed twice with PBS to remove residual 
PFA. Cells were permeabilized for 5 min in PBS containing 
0.3% Triton X-100. After two washes, cells were incubated 
with 50 µL TUNEL detection solution in the dark for 1 h at 
37 °C. Then, cells were embedded in a mounting medium 
containing DAPI, and apoptotic nuclei were observed as 

green fluorescence via a fluorescent microscope (DMi8, 
Leica, Germany).

Western Blotting Analysis

Isolated brains or cultured cells were lysed in an SDS Lysis 
Buffer (Beyotime, P0013G) containing 1 mM phenylmeth-
anesulfonyl fluoride (PMSF, Beyotime, ST506). Total pro-
tein concentrations were detected via a Pierce BCA Protein 
Assay Kit (Thermo Scientific™, USA). Equal extract pro-
teins (30 mg) were subjected to gradient concentration SDS/
PAGE gel electrophoresis and then transferred to PVDF 
membranes (MilliporeSigma). After blocked with 5% non-
fat milk solution for 1 h at RT, the PVDF membranes were 
incubated with the primary antibodies at 4 °C overnight. 
Subsequently, the membranes were incubated with goat anti-
mouse or rabbit horseradish peroxidase (HRP)-conjugated 
secondary antibodies for 1 h at RT. Protein bands were visu-
alized using an enhanced chemiluminescence system.

Statistical Analysis

Values are presented as mean ± standard deviation (SD), 
and n corresponds to the number of independent experi-
ments. Statistical analysis was performed on raw data with 
GraphPad Prism 7.0 software (GraphPad Software, Inc., La 
Jolla, CA, USA). Kolmogorov–Smirnov D test (K-S test) 
was used to assess normality, and one-way ANOVA was 
used to analyze the variance followed by Bonferroni post 
hoc tests or Student’s t-tests. The threshold for significance 
was set at P < 0.05. Fluorescence quantification and colo-
calization analysis of immunofluorescence were performed 
using ImageJ.

Results

Increased Cx43 and MFN2 in APP/PS1 Mice Show 
an Obvious Colocalization

To further identify the exact correlation between Cx43 and 
Aβ, we established an AD model, the APP/PS1 mice, and 
raised to various months of age, up to 3, 6, 9, and 12 months 
old. Then, the brain sections obtained from APP/PS1 mice 
at different months of age (3 m, 6 m, 9 m, 12 m) were dou-
ble-labeled with Cx43 and Aβ42 to observe the dynamic 
change of Cx43 and Aβ42 with age. The result showed that 
Aβ42 deposition gradually increased with the age of APP/
PS1 mice, and the Cx43 immunoactivity was also synchro-
nously enhanced around Aβ42 plaques (Fig. 1A). In line 
with the Cx43 and Aβ42 double immunostaining result, the 
expression levels of Cx43 and Aβ42 analyzed by western 
blot also displayed the significantly synchronous increases 
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with the APP/PS1 mice grew older (Fig. 1B), which further 
suggested that Cx43 was indeed involved in the Aβ42 forma-
tion. According to the quantitative analysis for optical densi-
ties of Aβ42 bands, Aβ42 expression already increased sig-
nificantly by the time the mice were 9 months old (Fig. 1C). 
Therefore, the subsequent analyses of animal experiments 
were done with 9-month-old mice, when Aβ42 plaques were 
scattered enough to analyze the underlying mechanism of 
Cx43-induced Aβ42 formation.

The alteration in MFN2 expression is closely associated 
with MAM structure, the deficiency of which contributes 
to a lower ER connection with mitochondrial fraction [32]. 
Thus, to investigate whether there is a correlation between 
Cx43 and MAM in 9-month-old APP/PS1 mice, we per-
formed immunostaining for Cx43 and MFN2 in brain sec-
tions. The result revealed that the fluorescence intensities of 
both Cx43 and MFN2 in 9-month-old APP/PS1 mice sig-
nificantly increased compared with WT mice of the same 

Fig. 1   Cx43 is colocalized with the MAM structural marker MFN2 
in APP/PS1 mice. A Double immunostaining for Cx43 (green) and 
Aβ42 (red) in APP/PS1 mice at different months of age (3 m, 6 m, 
9 m, 12 m) showing that the immunoactivity of Cx43 around Aβ42 
plaques increased significantly with the increase of the age of APP/
PS1 mice. Scale bar, 100 µm. B Western blot assay to detect the Aβ42 
and Cx43 expression levels in APP/PS1 mice at different months of 
age (3  m, 6  m, 9  m, 12  m). C Quantitative analysis of protein lev-

els relative to GAPDH. D Double immunostaining for Cx43 (green) 
and MFN2 (red) in 9-month-old WT and APP/PS1 mice showing 
an obvious colocalization between Cx43 and MFN2, a MAM struc-
tural marker. Scale bar, 100  µm. E Scatter J is used for colocaliza-
tion relationship analysis, and Pearson’s coefficient (r = 0.63334) 
further demonstrates a colocalization relationship between Cx43 and 
MFN2 in 9-month-old APP/PS1 mice. ****P < 0.0001, ***P < 0.001, 
**P < 0.01 versus WT mice, n > 6 mice for each group
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age, and there also was an obvious colocalization phenom-
enon (Fig. 1D). The quantitative analysis of fluorescence 
colocalization by Scatter J showed that Pearson’s coefficient 
(r = 0.63334) further proved a colocalization of Cx43 and 
MFN2 in 9-month-old APP/PS1 mice (Fig. 1E). These find-
ings indicate that Cx43 may be involved in Aβ42 deposition 
through regulating MAM structure, since Cx43 and MFN2 
display an obvious correlation.

Cx43 Is a Major Contributor to MAM Formation 
and Aβ42 Deposition

Prompted by the finding that there was an obvious colo-
calization between Cx43 and MFN2, we further examined 
whether Cx43 can be performed as a mediator to regulate 
the MAM formation by establishing a Cx43 heterozygous 
mouse model via CRISPR/Cas-9 gene-targeting technol-
ogy to hybridize with APP/PS1 mice, generally producing 
four experimental groups: WT, Cx43±, APP/PS1, and APP/
PS1Cx43± mice. We raised mice to the age of 9 months 
and evaluated the ER-mitochondrial contact sites through 
TEM. TEM results demonstrated that there was a significant 
increase of the ER-mitochondrial contact sites (mark with 
green polygons in the enlarged images and its correspond-
ing pattern diagrams) in APP/PS1 mice compared with WT 
and Cx43± mice as exhibited in Fig. 2A, and Cx43 knockout 
could obviously eliminate the increased MAM formation in 
APP/PS1 mice. The quantitative analysis result revealed that 
the percentage of mitochondria membrane in contact with 
ER in APP/PS1 mice was about twice that in the other three 
groups, and there were no significant differences among the 
other three groups (Fig. 2B). ACAT1, abundant in MAM 
interface, is generally regarded as the indirect measure-
ment of MAM activity [33]. We thereby performed western 
blot for MFN2 and ACAT1 proteins to further evaluate the 
effect of Cx43 deletion on MAM structure and activity. The 
result revealed that the expression of MFN2 (P < 0.0001) 
and ACAT1 (P < 0.0001) significantly increased in APP/
PS1 mice compared with WT mice, but decreased in APP/
PS1Cx43± mice compared with APP/PS1 mice (Fig. 2C). 
The quantitative analysis of optical densities revealed a 3.5-
fold of MFN2 and 1.6-fold of ACAT1 expression in APP/
PS1 mice compared to APP/PS1Cx43± mice (Fig. 2D), 
which further suggested that Cx43 deficiency can affect the 
structure and activity of MAM in APP/PS1 mice. There was 
no difference of MFN2 and ACAT1 expression between WT 
and Cx43± mice.

Moreover, the role of Cx43-mediated MAM alteration in 
Aβ deposition was investigated through performing Aβ42 
immunostaining on brain sections, which was analyzed 
using a fluorescent microscope. The results showed that 
WT and Cx43± mice only displayed trace Aβ42 fluorescent, 
while APP/PS1 mice exhibited substantial Aβ42 fluorescent, 

the latter of which can be significantly reduced by Cx43 defi-
ciency (Fig. 2E). Similar result was obtained from the west-
ern blot analysis for evaluating the Aβ42 expression level in 
these four groups. The Aβ42 expression levels both in APP/
PS1 and APP/PS1Cx43± mice, especially in APP/PS1 mice, 
were higher than that in WT and Cx43± mice (Fig. 2F). The 
quantification of Aβ42 bands revealed that the expression 
of Aβ42 increased almost 2.5-fold (P < 0.0001) in APP/PS1 
mice compared to WT and Cx43± mice and about 1.5-fold 
(P = 0.0011) compared to APP/PS1Cx43± mice (Fig. 2G). 
Together, Cx43 can be suggested as a major player in the 
MAM formation, and Cx43-mediated MAM alteration can 
subsequently affect the Aβ42 generation.

Cx43‑Mediated MAM Formation Aggravates 
Aβ‑Associated Pathogenesis in APP/PS1 Mice

White matter lesions (WML) are primarily characterized by 
demyelination with/without axonal loss companied by the 
associated reactive gliosis, generally resulting in the histo-
logically rarefaction of cerebral white matter [34]. Notably, 
it has been indicated that there is a much stronger association 
between Aβ deposition with white matter lesions (WML) in 
AD [35]. Therefore, we purposely explore whether Cx43-
mediated MAM formation will be sufficient to contribute 
to the Aβ-associated pathogenesis in APP/PS1 mice in the 
next set of analyses, mainly including WML and neuronal 
injury. HE staining was first performed to evaluate the his-
tological alterations in CC and hippocampal neurons. As 
demonstrated in Fig. 3A, the nerve fibers in the white matter 
of WT and Cx43± mice were neatly aligned and wrapped in 
dense myelin sheaths (the area between the two yellow dot-
ted lines). However, the white matter in APP/PS1 mice was 
featured by the disarrangement of nerve fibers and reduc-
tion of myelinated fibers, which can be obviously alleviated 
by decreasing Cx43 expression in APP/PS1 mice (Fig. 3A 
indicated in the area between the two yellow dotted lines). 
Simultaneously, a severe loss of neurons in CA1 stratum 
pyramidal can also be observed in APP/PS1 mice compared 
to APP/PS1Cx43± mice through hippocampus HE staining, 
although there were also scattered apoptotic neurons in APP/
PS1Cx43± mice (Fig. 3A, indicated by the white arrows). 
There was no significant histological difference between the 
WT and Cx43± mice both in white matter and neuronal loss. 
To investigate the ultrastructural alterations in white matter, 
we used TEM to observe the myelin sheath. The structure 
of the myelin sheath in APP/PS1 mice had the myelinated 
lamina separation, distortions, and reduction (Fig. 3B red 
arrow), and even part of the myelin sheath had obvious seg-
mental demyelination, axon atrophy, and swelling (Fig. 3B 
red star). Differently, the other three group mice had more 
myelinated fibers with normal morphology, and the myelin 
sheaths were thicker and more uniform (Fig. 3B). Hence, 
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based on these interesting biological phenomena in white 
matter, which molecule is involved? Myelin-associated gly-
coprotein (MAG), expressed exclusively in oligodendrocytes 
and Schwann cells, plays the generally known pathophysi-
ological roles in maintaining myelin integrity and inhibiting 
axonal regeneration [36]. We performed an immunohisto-
chemistry staining assay with MAG to identify the myelin 
integrity. The results clearly revealed that the myelin integ-
rity in CC of APP/PS1 mice was obviously compromised, 
mainly manifested as the reduction and attenuation of MAG 
staining and the obvious increase of white matter vacuoles, 
and this phenomenon could be alleviated in APP/PS1Cx43± 
mice and was not even observed in WT and Cx43± mice 

(Fig. 3C). Additionally, astroglia immunolabeled for glial 
fibrillary acidic protein (GFAP) was significantly enhanced 
in APP/PS1 and APP/PS1Cx43± mice compared to WT and 
Cx43± mice, especially in APP/PS1 mice (Fig. 3D), which 
indicates a more significant activation of astroglia in APP/
PS1 mice than that in APP/PS1Cx43± mice. Furthermore, 
a western blot was thereby used to verify the WML and 
astrocyte activation. Consistent with the immunostaining 
results, the expression level of MAG in APP/PS1 mice was 
significantly lower than that in the other three group mice, 
while GFAP expression in APP/PS1 mice was obviously 
higher than that in APP/PS1Cx43± mice, both of which were 
higher than that in WT and Cx43± mice (Fig. 3E, F). These 

Fig. 2   Cx43-mediated MAM increase promotes Aβ deposition in 
APP/PS1 mice. A Representative TEM images of the mitochondria 
membranes in contact with ER in four groups of mice reveal a sig-
nificant increase of mitochondrial-ER coupling (at the top) in APP/
PS1 mice compared with the other three groups, which can be more 
clearly observed in the enlarged images and its corresponding pat-
tern diagrams (below). Scale bars, 1 µm (at top) and 500 nm (below); 
green polygons mark ER-mitochondria contact sites. B Quantitative 
analysis of the percentage of mitochondria membranes in contact 
with ER by ImageJ. C Representative western blot images of MFN2 

and ACAT1 were used to evaluate the MAM structure and activation. 
D Quantitative analysis of optical densities of the bands relative to 
GAPDH. E Representative immunostaining images for Aβ42 in four 
groups of mice showing an obvious decrease in fluorescence inten-
sity of Aβ42 in APP/PS1Cx43± mice compared with APP/PS1 mice. 
Scale bar, 100  µm. F Representative images of Aβ42 measured by 
western blot in four groups of mice. G Quantitative analysis of opti-
cal densities of Aβ42 relative to GAPDH. ****P < 0.0001, **P < 0.01 
versus WT mice, n > 6 mice for each group
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Fig. 3   Cx43-mediated MAM formation further accelerates WML and 
neuronal injury in APP/PS1 mice. A HE staining was used to inves-
tigate the pathological changes of white matter in CC (critical areas 
indicated between two yellow dotted lines) and hippocampal neu-
rons (white arrows) in four groups of mice. Scale bar, 1 mm. B Rep-
resentative TEM images for observing the ultrastructural alterations 
of myelin sheath of four group mice indicating a significant decrease 
of myelinated lamina (red arrow) and segmental demyelination (red 
star). Scale bar, 500  nm. C Representative immunostaining images 

for MAG showing an obvious decrease of MAG staining in APP/
PS1 mice. Scale bar, 50 µm. D Representative images depict immu-
nofluorescent labeling of GFAP in four groups of mice to indicate 
the astrogliosis exhibiting an evident activation of astroglia in APP/
PS1 mice. Scale bar, 100 µm. E Western blot analysis for GFAP and 
MAG expressions with GAPDH used as an internal control. F Quan-
titative analysis of GFAP and MAG proteins relative to GAPDH. 
****P < 0.0001 versus WT mice, n > 6 mice for each group
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findings reveal that Cx43 deficiency-mediated MAM reduc-
tion may attenuate Aβ-associated pathogenesis in APP/PS1 
mice, mainly including WML pathogenesis, reactive astro-
gliosis, and irreversible neuronal injury.

Cx43‑Mediated MAM Formation Impairs Autophagy 
via Activating the mTOR‑Dependent Pathway

So, by what mean does the Cx43-mediated MAM increase 
promote the Aβ42 deposition and Aβ42-associated patholog-
ical changes in APP/PS1 mice. Emerging evidence has dem-
onstrated that MAM is involved in autophagy, and autophagy 
generally facilitates the degradation and clearance of APP 
and its cleavage product Aβ in AD [37, 38]. Thus, impaired 
autophagy will decrease Aβ clearance, and enhanced Aβ 
deposition in turn can even promote defective autophagy, 
thus contributing to neuronal toxicity and cognitive impair-
ment [33, 39]. We set out to explore whether autophagy is 
involved in Aβ42 deposition due to Cx43-mediated MAM 
increase. The protein P62, one of the widely used autophagy 
markers, is itself degraded by autophagy [40], and P62 accu-
mulation occurs when autophagy is inhibited. Microtubule-
associated protein 1 light-chain 3 (LC3) is the only protein 
that localizes to all types of autophagic membranes among 
known autophagy-related gene 8 (ATG8)-encoded proteins 
[41]. Thus, LC3, specifically LC3B, is commonly regarded 
as another widely used autophagosome marker to monitor 
autophagy progression through the conversion from LC3 I 
to LC3 II [42]. Notably, P62 can directly bind to LC3 via 
a short LC3 interaction region serving as a mechanism of 
transferring the selective autophagic cargo for degradation 
by autophagy [43]. Here, we operated the double immu-
nostaining and western blot for P62- and LC3B-based bio-
chemical analysis of autophagy progression. The double 
immunostaining for LC3B and P62 demonstrated an obvi-
ously weak fluorescence intensity and colocalization of P62 
with LC3B puncta in APP/PS1 mice compared to WT and 
Cx43± mice, which proved that APP/PS1 mice showed an 
impaired autophagy function (Fig. 4A). However, the inten-
sified colocalization of P62 with LC3B puncta was observed 
in APP/PS1Cx43± mice compared to APP/PS1 mice, indi-
cating that Cx43 knockout can rescue autophagy deficiency 
in APP/PS1 mice (Fig. 4A).

Meanwhile, western blot analysis for autophagy flux fur-
ther confirmed that both LC3B-I and LC3B-II form in WT 
and Cx43± mice were higher than those in APP/PS1 and 
APP/PS1Cx43± mice, suggesting that LC3B-II is consti-
tutively delivered to lysosomes for degradation under nor-
mal growth condition, but not in APP/PS1 mice (Fig. 4B). 
Nevertheless, the predominant form of LC3B detected was 
LC3B-II in APP/PS1Cx43± mice, with only a trace amount 
of LC3B-I detected, which was the opposite in APP/PS1 
mice (Fig.  4B). The quantitative analysis revealed an 

approximate 2.5-fold of LC3B-II/I ration in APP/PS1Cx43± 
mice to APP/PS1 mice (Fig.  4C), and the significantly 
increased LC3B conversion (LC3B-I to LC3B-II) indicated 
an autophagy flux in APP/PS1Cx43± mice. Simultaneously, 
the P62 degradation assay revealed that the amount of P62 
was obviously increased in APP/PS1 and APP/PS1Cx43± 
mice compared to WT and Cx43± mice, especially in APP/
PS1 mice (Fig. 4B, C), which further identified a more 
severe autophagy inhibition in APP/PS1 mice compared 
to APP/PS1Cx43± mice. Our results show that autophagy 
could be still activated in APP/PS1Cx43± mice, although it 
was severely impaired in APP/PS1 mice.

mTOR, a sub-signaling protein of phosphoinositide 
3-kinase (PI3K) and protein kinase B (PKB; also known 
as AKT), has been reported to be hyperactivated in AD, 
which is deeply involved in the Aβ hyperphosphorylation 
and aggregation by inhibiting autophagy [44, 45]. Therefore, 
we performed a western blot assay to investigate whether 
the PI3K/AKT/mTOR signaling pathway participates in 
the MAM-induced autophagy inhibition in APP/PS1 mice. 
We detected that the total mTOR and AKT expression lev-
els did not differ among the four groups, while P-mTOR 
(P < 0.0001) and P-AKT (P < 0.0001) expression levels were 
significantly lower in APP/PS1Cx43± mice than that in the 
other three groups without statistical difference observed 
(Fig. 4D, E). Taken together, these findings indicate that 
autophagy function is impaired in APP/PS1 mice, and 
MAM reduction mediated by Cx43 deletion may attenuate 
autophagy impairment by inhibiting the mTOR-dependent 
signaling pathway.

Cx43‑Deficient AD Cells Are Defective in the MAM 
Formation

We further identified the role of Cx43 in the MAM forma-
tion in the neural cell line SH-SY5Y. The SH-SY5Y cells 
were treated with lentivirus transfection as described in 
the “Materials and Methods” section to mimic the major 
AD pathological changes by increasing the Aβ expres-
sion, and the transfection efficiency in SH-SY5Y cells was 
confirmed via western blot assay. The results revealed 
that there was an obviously increased expression of Aβ42 
in JLV-APP-treated cells (Fig. 5A), and the quantitative 
analysis of optical densities showed an approximate four-
fold of Aβ42 in JLV-APP-treated cells compared to that 
in NC-treated cells (Fig. 5B), which perfectly mimics one 
of the characteristic pathological changes in AD. Mean-
while, the cells were also transfected with Cx43 siRNA 
to diminish the expression level of Cx43. Western blot 
results demonstrated a significant downregulation of Cx43 
expression in Cx43 siRNA-treated cells (Fig. 5C, D), indi-
cating that Cx43 was successfully reduced transiently by 
an siRNA-based technique. After verifying the transfection 
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efficiencies of lentivirus and siRNA, we divided the cells 
into four experimental groups according to the groups 
in vivo: NC, siRNA, JLV-APP, siRNA + JLV-APP. Then, 
we carried out a TEM experiment to investigate detailly 
the role of Cx43 in MAM formation in AD cells. Con-
sistent with the results in vivo, the TEM results of cells 
showed an increase of the ER-mitochondrial contact points 
in JLV-APP-treated cells, which can be reduced via Cx43 
siRNA treatment, and there was no difference in the ER-
mitochondrial contact points between NC- and siRNA-
treated cells (Fig. 5E). The quantitative analysis of TEM 
images also exhibited that the percentage of mitochondria 
membranes in contact with ER in JLV-APP-treated cells 
was about 1.5 times that of the siRNA + JLV-APP-treated 

cells (Fig. 5F). At the same time, MFN2 immunostain-
ing demonstrated an obvious increase in fluorescence 
intensity of MFN2 in JLV-APP-treated cells compared 
with the other three groups of treated cells (Fig. 5G). 
Similar results were also observed in western blot analy-
sis, where the increased expressions of both MFN2 and 
ATCA1 were noted in JLV-APP-treated cells compared 
with siRNA + JLV-APP-treated cells, while there was no 
significant difference in the expression of both MFN2 and 
ATCA1 among the other three cell groups (Fig. 5H, I). 
These findings further suggest that Cx43 plays an impor-
tant role in the MAM formation, and Cx43 deficiency can 
reduce the ER-mitochondrial contact points in response to 
JLV-APP-induced AD alterations in vitro.

Fig. 4   Cx43-mediated MAM increase impairs autophagy by activat-
ing mTOR-dependent pathway. A Representative images of double 
immunostaining for LC3B (green) and P62 (red) in four groups of 
mice showing a significant autophagy deficiency in APP/PS1 mice, 
which can be rescued by Cx43 knockout. Scale bar, 50 µm. B West-
ern blot analysis for LC3B and P62 expression with GAPDH used as 
an internal control to determine autophagic flux. C Quantitative anal-

ysis of LC3B and P62 proteins relative to GAPDH. D Western blot 
was used to evaluate the expression levels of proteins associated with 
the mTOR-dependent autophagy signaling pathway. E Quantitative 
analysis of optical densities of bands in Fig. 4D relative to GAPDH. 
****P < 0.0001, ***P < 0.001 versus WT mice, n > 6 mice for each 
group
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Cx43‑Mediated MAM Formation Participates 
in the Pathological Changes in AD Cells

We subsequently prepared to explore whether Cx43-medi-
cated MAM increase would contribute to the pathological 
changes in AD cells, mainly including Aβ42 deposition 
and neuronal apoptosis. We first studied the intracel-
lular Aβ42 deposition via immunostaining. As shown 
in Fig. 6A, a few scattered spot-like intracellular Aβ42 
fluorescence was observed in NC- and siRNA-treated 
cells, while a substantial amount of spot-like and even 
flaky intracellular Aβ42 fluorescence was found in JLV-
APP- and siRNA + JLV-APP-treated cells, especially in 
JLV-APP-treated cells with more flaky intracellular Aβ42 
fluorescence compared with siRNA + JLV-APP-treated 
cells. Western blot assay subsequently verified the results 

of Aβ42 immunostaining showing that the expression level 
of Aβ42 was obviously decreased in siRNA + JLV-APP-
treated cells compared with JLV-APP-treated cells, and 
there was no significant difference between the other two 
groups (Fig. 6B, C). In addition to the direct cytotoxicity, 
intracellular Aβ42 aggregation can also be secreted from 
neuronal cells into extracellular space to form extracellular 
Aβ42 [46, 47]. Regarding the secreted Aβ42 alteration, 
an ELISA kit was used to determine the Aβ42 concentra-
tions in the conditioned culture medium collected from 
the four cell groups. The concentration of Aβ42 in JLV-
APP-treated cell culture was about twice that observed in 
siRNA + JLV-APP-treated cell culture, the latter of which 
had no significant difference with the NC- and siRNA-
treated cells (Fig. 6D). Thereby, we identify that MAM 
decrease caused by Cx43 deficiency can significantly 

Fig. 5   Cx43 contributes to the MAM formation in AD cells. A West-
ern blot analysis for Aβ42 to identify the transfection efficiency of 
JLV-APP. B Quantitative analysis of Aβ42 relative to GAPDH. C 
Western blot analysis for Cx43 to identify the transfection efficiency 
of Cx43 siRNA. D Quantitative analysis of Cx43 relative to GAPDH. 
E Representative TEM images for observing the percentage of mito-
chondria membrane in contact with ER in cells showing an obvious 
increase of mitochondrial-ER coupling in JLV-APP-treated cells com-
pared with the other three groups. Scale bar, 500 nm; green polygons 
mark ER-mitochondria contact sites. F ImageJ was used to quantita-

tively analyze the percentage of mitochondria membrane in contact 
with ER in four group cells. G Immunostaining for MFN2 in four 
group cells indicating an increased MFN2 fluorescence in JLV-APP-
treated cells compared with the other three groups. Scale bar, 100 µm. 
H Western blot of MFN2 and ACAT1 to evaluate the MAM structure 
and activation in four group cells. I Quantitative analysis of optical 
densities of MFN2 and ACAT1 relative to GAPDH. ****P < 0.0001, 
***P < 0.001 versus NC cells. All studies were performed indepen-
dently at least three times
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reduce both the intracellular and extracellular Aβ aggre-
gation in vitro.

Neuronal apoptosis is another major pathological feature 
in AD. The TUNEL analysis of cells revealed that sporadic 
apoptotic cells appeared in the NC- and Cx43 siRNA-treated 
groups, while numerous apoptotic fluorescence signals were 
observed in JLV-APP-treated cells, which can be largely alle-
viated via Cx43 siRNA treatment for JLV-APP-treated cells 
(Fig. 6E). Additionally, the cells were doubly stained with 
Annexin V-FITC and PI to further investigate the apoptotic 
states of cells via flow cytometry. On the flow cytometry charts 
in Fig. 6F, cells were divided into four categories: viable cells 
(Annexin V−/PI−), early apoptotic cells (Annexin V+/PI−), late 
apoptotic cells (Annexin V+/PI+), and necrotic cells (Annexin 
V−/PI+). The flow cytometric analysis demonstrated that 
approximately 80% of cells were viable in the NC-, siRNA-, 
and siRNA + JLV-APP-treated cell groups, while only about 
60% of cells in JLV-APP-treated cell groups (Fig. 6F). The 

statistical analysis of the percentage of apoptotic cells revealed 
that there was no significant difference of early apoptotic cells 
among these four cell groups, but the late apoptotic cells were 
dramatically increased to about 25% in JLV-APP-treated cell 
groups compared with the other three cell groups with only 
10% late apoptotic cells at most (Fig. 6G), which demonstrated 
that Cx43-mediated MAM formation promoted the neuronal 
apoptosis mainly through affecting the late apoptosis progress. 
Taken together, MAM formation participates in the pathologi-
cal changes in AD cells, mainly including Aβ42 deposition 
and neuronal apoptosis, which can be attenuated by inhibiting 
Cx43 expression to decrease MAM structure.

MAM Regulates Autophagy Inhibition 
in an mTOR‑Dependent Pathway In Vitro

To explore whether the underlying mechanism of the 
above pathological changes in AD cells is associated with 

Fig. 6   Cx43-mediated MAM formation in AD cells promotes Aβ42 
deposition and neuronal apoptosis. A Representative images depict-
ing immunofluorescent labeling Aβ42 in the four cell groups. Scale 
bar, 100 µm. B Western blot analysis for Aβ42 expression of samples 
from the four cell groups. C Quantitative analysis of Aβ42 relative 
to GAPDH was performed. D Aβ42 concentrations in the culture 
medium of four cell groups were analyzed using an Aβ42 ELISA kit. 
E TUNEL staining was performed to evaluate the neuronal apoptosis 

in four cell groups. Scale bar, 100 µm. F An apoptosis assay was per-
formed via flow cytometry after Annexin V-FITC/PI double staining. 
Viable cells appeared in the lower left quadrant, early apoptotic cells 
were presented in the upper left quadrant, and late apoptotic cells 
were shown in the upper right quadrant. G Quantitative analysis of 
the percentage of viable cells, early apoptotic cells, and late apoptotic 
cells. ****P < 0.0001, ***P < 0.001, **P < 0.01 versus NC cells. All 
studies were performed independently at least three times
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autophagy like that in vivo, we first observed the cellular 
microstructure through the TEM technique. As shown in 
Fig. 7A, only a few autophagosomes (black arrows) were 
found in the first three cell groups, and even fewer in the 
JLV-APP-treated cells, whereas many autophagosomes 
(black arrows) were found in the siRNA + JLV-APP-treated 

cells. Namely, autophagy is likely to be activated in 
siRNA + JLV-APP-treated cells, although it was impaired in 
JLV-APP-treated cells. Consistent with the findings in vivo, 
the double immunostaining for P62 and LC3B subsequently 
revealed the colocalization of P62 with LC3B puncta in 
JLV-APP-treated cells was obviously less than that in 

Fig. 7   Cx43-mediated MAM generation negatively regulates 
autophagy through activating mTOR-dependent pathway in AD cells. 
A Representative electron micrographs of autophagosome structures 
(black arrows) in four cell groups. Scale bar, 500 nm. B Representa-
tive images of double immunostaining for LC3B (green) and P62 
(red) in four cell groups. Scale bar, 50 µm. C Western blot analysis 
for LC3B and P62 expressions to evaluate autophagic flux in four cell 

groups, and GAPDH was an internal control. D Quantitative analy-
sis of LC3B and P62 relative to GAPDH. E Representative images 
of a western blot for proteins related to mTOR-dependent signal-
ing pathway in four cell groups. F Quantitative analysis of the band 
intensities of proteins related to mTOR-dependent signaling pathway. 
****P < 0.0001, ***P < 0.001, **P < 0.01 versus NC cells. All stud-
ies were performed independently at least three times
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siRNA + JLV-APP-treated cells, and the fluorescence inten-
sities were also relatively weaker in JLV-APP-treated cells 
than that in the other three cell groups without the significant 
difference of fluorescence colocalization observed (Fig. 7B). 
Meanwhile, the western blot results showed that the expres-
sion levels of both LC3B-I and LC3B-II form in JLV-APP- 
and siRNA + JLV-APP-treated cells were lower than that in 
NC- and siRNA-treated cells, but the predominant form of 
LC3B detected was different (Fig. 7C, D). LC3B mainly 
existed in the form of LC3B-II in siRNA + JLV-APP-treated 
cells while LC3B-I in JLV-APP-treated cells (Fig. 7C), and 
the ration of LC3BII/I in siRNA + JLV-APP-treated cells was 
almost twice that in JLV-APP-treated cells (Fig. 7D), which 
demonstrated that there was a more activated autophagy flux 
in siRNA + JLV-APP-treated cells than that in JLV-APP-
treated cells, although the autophagy activities of cells in 
both groups were impaired. Simultaneously, the expression 
levels of P62 in JLV-APP- and siRNA + JLV-APP-treated 
cells were higher than that in NC- and siRNA-treated cells, 
especially in JLV-APP-treated cells (Fig. 7C, D), which 
together with the conversion of LC3B verified a more acti-
vated autophagy flux in siRNA + JLV-APP-treated cells than 
JLV-APP-treated cells.

Finally, we performed a western blot assay to confirm the 
mTOR-dependent signaling pathway involved in the MAM-
induced autophagy inhibition in vitro. In line with the results 
in vivo, western blot analysis in vitro showed that there was 
no difference in total mTOR and AKT expression levels 
among these four cell groups, while the expression levels of 
P-mTOR and P-AKT were obviously lower in siRNA + JLV-
APP-treated cells than that in the other three cell groups with 
no significant difference found (Fig. 7E, F). These results 
in vitro validate that the Cx43-mediated MAM formation 
can negatively regulate the autophagy functions in AD cells 
through activating the mTOR-dependent pathway, which can 
be reversed by Cx43 siRNA treatment.

Discussion

As the most abundant gap junction (GJ) protein in the 
brain, Cx43 has been found to be critically involved in the 
pathogenesis of neurodegenerative diseases. Therefore, the 
involvement of Cx43 in AD pathogenesis also gradually 
becomes an appealing research area expanding vigorously 
in recent decades. It has been proved that Cx43 immuno-
reactivity is evidently increased in AD postmortem brains 
and mouse models [28, 48], promoting the AD pathogenesis 
through various pathogenic mechanisms. Consistent with but 
beyond these studies, we hypothesize and validate not only 
the upregulation of Cx43 expression in the AD mouse model 
but also its regulatory role in driving a large MAM-specific 
molecular network underlying AD. In detail, four major 

findings were drawn from this work. Firstly, we have con-
firmed first that Cx43 is a major player in the MAM forma-
tion, and the upregulation of Cx43 can significantly increase 
the contact sites between the ER and mitochondria in AD 
mice and cells. Secondly, Cx43-mediated MAM formation 
can subsequently contribute to the key neuropathological 
features that characterize all AD brains, mainly including 
Aβ deposition, reactive astrogliosis, and neuronal apoptosis, 
which exactly explains why neurons and synapses are los-
ing in AD brains. Thirdly, Aβ deposition and Aβ-associated 
pathological changes are mainly due to the negative 
autophagy regulation of Cx43-mediated MAM formation 
through activating the mTOR-dependent signaling pathway. 
Finally, Cx43 knockout or siRNA treatment significantly 
reduces the MAM structure and then promotes Aβ clearance 
via triggering the mTOR-dependent autophagy, ultimately 
attenuating Aβ deposition and Aβ-associated pathological 
alterations in AD mice and cells. Taken together, this work 
thus provides the novel insights into the cellular mecha-
nism by which Cx43 causes AD pathogenesis, rather than 
the conventional channel functions of Cx43, the thorough 
comprehension of which plays a vital role in exploring an 
alternative therapeutic strategy targeting Cx43 non-channel 
functions in AD.

Cx43 usually exists in the form of GJ that is the cluster of 
a few tens to thousands of cell-to-cell channels and mediates 
gap junction intercellular communication (GJIC) by allow-
ing the direct intercellular exchange of small molecules up 
to approximately 1.5 kDa in size [49]. A single GJ com-
prises two opposing specialized cell-to-cell connexon chan-
nels formed by oligomerization of six Cx43 proteins [50]. 
Additionally, connexon also does exist independently as the 
single membrane channel, commonly named hemichannel. 
Hemichannel keeps a low opening probability under nor-
mal condition to mediate the interaction between cells and 
extracellular space [51], but is usually open when triggered 
by various pathological situations, such as Aβ aggregation 
and inflammatory in AD. The opening of the hemichannel 
allows numerous small molecules like adenosine triphos-
phate (ATP) and glutamate to be released into extracellu-
lar space [52], which is commonly considered deleterious 
due to the potential cytoplasmic impairment and neurotoxic 
damage [53]. Accumulating evidence indicates that the GJ 
and hemichannel function are closely associated with the 
onset and progression of neurodegenerative diseases. For 
example, Cx43-associated GJIC is impaired, while activated 
hemichannel opening is increased significantly maintain-
ing a sustained gliotransmitter release to amplify neuronal 
toxicity, both of them ultimately contribute to cognitive 
impairment in AD [54]. Thus, the function of Cx43 GJ 
and hemichannel play important roles in the pathogenesis 
of AD and has become the focus of connexin research in 
the past decades, thus ignoring the non-channel function of 
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the Cx43 cytosolic C-terminus. The cytosolic C-terminus 
of Cx43 participates in protein interactions via its multiple 
domains that endow Cx43 with the channel-independent 
abilities of influencing cell growth and differentiation [55]. 
In our study, we have revealed that Cx43 plays an important 
role in regulating the MAM structure without the channel-
dependent function in AD. Cx43 deficiency appears to 
mitigate the increase of MAM in AD, while has no effect 
on MAM structure in normal mice and cells. Notably, we 
provide the first preliminary evidence to support the view 
that Cx43 is a major contributor to the MAM formation. 
Increased MAM formation is usually accompanied by the 
perturbed MAM functions, mainly including calcium dys-
regulation, ascended lipid level, mitochondrial dysfunction, 
oxidative stress, and autophagy, all of which are involved in 
the AD onset and progression and precede the appearance 
of plaques and tangles [56]. Thus, the MAM hypothesis is 
naturally identified as the fundamental for the biochemical 
and morphological phenotypes in AD, instead of the amyloid 
cascade hypothesis, due to the fact that it can accurately 
explain the early pathological alternations discovered in both 
familial and sporadic AD. The MAM hypothesis does not 
negate the amyloid cascade hypothesis, but rather empha-
sizes that plaques and tangles are not causes, but indeed the 
final consequences of AD pathogenesis. What makes sense 
is that we have first figured out the biochemical upstream 
molecule causing the ER-mitochondrial hyper-connectivity 
and perturbed MAM function, which may be viable as a 
novel potential drug target for AD treatment. However, it 
is unfortunate that we have not been able to determine the 
precise molecular mechanism of Cx43 regulating MAM 
formation, which is necessary to be delineated through fur-
ther studies. Only by clarifying the underlying mechanism 
of Cx43 regulating MAM formation can we better provide 
accurate therapeutic targets for AD.

Furthermore, we have revealed that Cx43-mediated 
MAM formation contributes to the neuropathological 
changes in AD, such as Aβ deposition, reactive astrogliosis, 
and neuronal apoptosis, which can be ameliorated by Cx43 
knockout or siRNA inhibition. Our findings are consistent 
with those obtained from the previous studies demonstrating 
the protective effects of Cx43 reduction on Aβ-related path-
ological changes in AD [57]. Conversely, Aβ aggregation 
can significantly impair Cx43 GJIC function and promote 
hemichannel activities in astrocytes [58]. One consequence 
of this vicious circle involving Cx43 and Aβ is a chronic 
activation of Cx43 hemichannel that represents a pathway 
for ATP and glutamate efflux [59], which jointly contrib-
utes to the AD pathogenesis. MAM, as the downstream of 
Cx43, is also involved in this vicious circuit. Numerous 
studies have demonstrated that the PS1/2 and γ-secretase 
enzymes are localized not only at the plasma membrane but 
also predominantly at MAM [60]. PS1/2 and γ-secretase 

enzymes located at MAM play critical roles in the genera-
tion of intracellular Aβ, with OMM serving as an Aβ trans-
locase machinery to the cristae membrane in mitochondria 
[61]. Mitochondrial Aβ deposition, significantly observed 
in AD postmortem brains and mouse models, can thereby 
contribute to extracellular Aβ deposition, both of which 
would negatively affect neuron functions and even result in 
cognitive impairment [62, 63]. Therefore, Cx43-mediated 
MAM increase can promote both intracellular and even 
extracellular Aβ deposition as shown in Fig. 7, which mag-
nifies the neurotoxic effect and then leads to the neuronal 
apoptosis. Additionally, Aβ exposure for neurons, in turn, 
can also increase the contact points between ER and mito-
chondria, which indicates that MAM augment is observed 
not only at pathological conditions such as in early AD but 
also after exposure to Aβ [64]. Nevertheless, whether Aβ 
increase directly leads to the MAM augment or indirectly by 
affecting Cx43 expression needs to be established in future 
studies. Anyhow, both Cx43 and MAM interventions can 
alleviate the pathological changes of AD. However, in con-
trast with the above-described studies showing the key role 
of Cx43 in Aβ generation, a number of studies have shown 
that Cx43 has no effect on the formation of Aβ plaque, and 
the specific deletion of astrocytic Cx43 in APP/PS1 mice 
mainly attenuates cognitive impairment through decreasing 
astrogliosis and increasing synaptic function without affec-
tion on Aβ formation [57]. Meanwhile, there are even studies 
showing that Cx43 has important neuroprotective effects for 
AD, and the maintenance of Cx43 expression in astrocyte 
contributes to prevent neurons from damages in response to 
various harmful stimuli [65]. Accordingly, both the memory 
benefit and deteriorating function of astrocytes-located Cx43 
have been documented, which may be due to a variety of 
factors. Firstly, Cx43 itself has the opposite biological func-
tions. The physiologically expressed Cx43 mainly contrib-
utes to memory formation, while pathologically increased 
Cx43 expression may be involved in neuronal damage and 
cognitive impairment. Consequently, there is likely a balance 
between beneficial and deteriorating signaling in neurons 
due to the expression ratio of these two properties of Cx43, 
which ultimately determines to mitigate or promote the neu-
rodegenerative processes, the key step of neurotoxicity for 
death. Next, Aβ-related pathological changes are in vary-
ing degrees during the different stages of AD, which makes 
Cx43 in distinct conditions of physiological or pathological 
states. For example, in the early stage of AD, less aggregated 
Aβ stimulates Cx43 hemichannel-mediated release of glu-
tathione, the major antioxidant in the central nervous sys-
tem, from astrocytes to prevent neurons from oxidative stress 
damage [66]. However, Cx43 hemichannel opening gener-
ally promotes pathological changes in the other stages of 
AD. Finally, studies on the underlying mechanism of Cx43-
induced AD pathogenesis involve various cell types mainly 
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including astrocyte, neuron, and fibroblast, and different 
expression levels and functions of Cx43 in these cells may 
produce inconsistent results due to its opposite biological 
functions. Therefore, it is difficult to define whether Cx43 
must mitigate or promote Aβ formation and Aβ-associated 
neuropathological changes, and further experiments will be 
necessary to better figure out the causes of this discrepancy.

In our study, Aβ deposition and Aβ-related pathological 
alternations in AD are mainly attributable to the upregula-
tion of MAM function, which is characterized by the nega-
tive regulation of autophagy via initiating mTOR-depend-
ent pathway. Our finding that Cx43 negatively modulates 
autophagy is consistent with the results from previous stud-
ies [67]. Cells lacking Cx43 show an obvious increase in 
autophagic vacuoles and higher autophagic fluxes of LC3, 
which suggests that Cx43 deficiency gives rise to the con-
stitutive autophagy activation mainly through increasing 
biogenesis rather than reducing lysosomal clearance [68]. 
Conversely, Cx43 overexpression will consistently attenu-
ate autophagic flux. Notably, due to the critical role of 
Cx43 in GJIC, the potent GJ inhibitor 18α glycyrrhetinic 
acid is used to explore whether autophagy upregulation 
can be recapitulated, and the result indicates no alterna-
tion in Cx43-associated autophagosome structure and even 
a decreased autophagic flux that is contrast to Cx43 abla-
tion [68]. GJ inhibition experiment further confirms that 
the Cx43-mediated negative effect on autophagy does not 
depend on its GJIC role, but on the non-channel function 
of the Cx43 C-terminus. However, the mechanism of Cx43 
non-channel function-mediated autophagy inhibition is still 
poorly understood. In this context, we reveal that MAM 
is involved in Cx43-mediated autophagy inhibition. As 
described earlier, Cx43 can facilitate the MAM formation, 
while MAM is rich in ACAT1 protein. Previous studies have 
revealed that both ACAT1 gene knockout and pharmacologi-
cal inhibition can significantly promote the autophagosome 
generation and lysosomal proteolysis without affecting the 
total cell cholesterol content, which indicates that ACAT1 
blockage may initiate autophagy through increasing the 
local cholesterol level in MAM [69]. Thus, the negative 
regulation of autophagy induced by Cx43-mediated MAM 
increase may be primarily achieved through the abundant 
ACAT1 protein in MAM. However, the necessity of ACAT1 
in MAM-induced autophagy inhibition and the alterations of 
the local cholesterol level in increased MAM in our studies 
also need additional investigation. Additionally, it is worth 
noting that the augmented MAM can initiate the mTOR-
dependent pathway to participate in negatively regulating 
autophagy, which is consistent with existing researches that 
the complicated mTOR-dependent pathway is involved in 
AD pathology via autophagic regulation [70]. However, we 
cannot rule out the involvement of other autophagic regula-
tion pathways in the MAM-induced autophagy inhibition, 

such as the mTOR-independent signaling pathway [71]. 
Thus, further experiments are necessary for a more through-
out understanding about the signaling transduction pathway 
involved in MAM-induced autophagy inhibition, which will 
be benefit for any future new experiment designs and clinical 
trials for AD. Additionally, there are still some limitations in 
this study. Mice with global Cx43 homozygous deficiency 
cannot be used because they die perinatally owing to an 
obstruction of the right ventricular outflow tract of the heart. 
Cx43 heterozygous mice still express some amount of Cx43 
protein. On the other hand, Cx43 is also expressed in other 
cell types mainly including endothelial cells, pericytes, and 
astrocytes. Thus, further research is needed to understand 
the influence of Cx43-associated MAM alteration on AD 
in these types of cells. In particular, the use of cell-specific 
Cx43 knockout mice could be helpful to validate the results 
of our study.

Conclusion

Taken together, our findings support the previously unrec-
ognized view that Cx43 non-channel function also plays a 
key role in AD pathogenesis through upregulating MAM 
formation and function. Increased MAM formation shown 
here contributes to the negative regulation of autophagy 
via activating the mTOR-dependent pathway, which results 
in the obvious Aβ deposition and neuronal apoptosis. The 
deficiency of Cx43 reduces Aβ-associated neuropathologi-
cal alternations through downregulating MAM formation 
and its autophagy inhibition function. However, the precise 
molecular mechanism of Cx43 regulating MAM formation 
is currently unclear, and work to elucidate the underlying 
mechanism by which Cx43 contributes to MAM formation is 
currently under way. Even so, this study still presents a com-
plete characterization of these processes, which may provide 
the novel insights into the cellular mechanisms by which 
Cx43 affects AD pathogenesis and then help to develop the 
therapeutic strategies with the purpose of restoring neuronal 
homeostasis.
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