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Glial gap junction proteins, called connexins (Cxs), form gap junctions in the central
nervous system (CNS) to allow the bidirectional cytosolic exchange of molecules
between adjacent cells. Their involvement in inheritable diseases and the use of
experimental animal models that closely mimic such diseases revealed the critical
role of glial GJs in myelination and homeostasis. Cxs are also implicated in acquired
demyelinating disorders, such as Multiple Sclerosis (MS) and Alzheimer’s disease (AD).
Animal and human studies have revealed a role of the astrocytic Cx43 in the progression
of AD but the role of Cx47, which is the main partner of Cx43 in the astrocyte-
oligodendrocyte GJs is still unknown. The aim of this study was to investigate the
astrocytic connexins, Cx43 and Cx30 in relation to oligodendrocytic Cx47 in the cortex
and thalamus of the 5XFAD mouse model of AD. The model was characterized by
increased Aβ deposition, gliosis, neuronal loss, and memory impairment. Compared to
wild-type mice, Cx43 and Cx30 showed increased immunoreactivity in older 5XFAD
mice, reflecting astrogliosis, while Cx47 immunoreactivity was reduced. Moreover,
Cx47 GJ plaques showed reduced colocalization with Cx43 plaques. Oligodendrocyte
precursor cells (OPCs) and mature oligodendrocyte populations were also depleted, and
myelin deficits were observed. Our findings indicate reduced astrocyte-oligodendrocyte
gap junction connectivity and possibly a shift in Cx43 expression toward astrocyte-
astrocyte gap junctions and/or hemichannels, that could impair oligodendrocyte
homeostasis and myelination. However, other factors, such as Aβ toxicity, could directly
affect oligodendrocyte survival in AD. Our study provides evidence that Cxs might have
implications in the progression of AD, although the role of oligodendrocyte Cxs in AD
requires further investigation.
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INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
irreversible dementia and is characterized by the loss of
cognitive function (Skaper, 2012). The hallmarks of AD include
extracellular plaques formed by aggregated amyloid-β (Aβ)
peptides and intracellular neurofibrillary tangles (aggregates of
hyperphosphorylated tau protein). Familial AD mutations in the
APP and PSEN1 genes affect the proteolytic processing of the
amyloid precursor protein (APP), with increased accumulation
of Aβ peptides (especially Aβ42) causing neuronal toxicity (Hardy
and Selkoe, 2002; Haass and Selkoe, 2007; Reiss et al., 2018).
Tissue damage caused by Aβ accumulation was confirmed in
5XFAD mice, a transgenic mouse model of familial AD, by
showing elevated levels of nitrotyrosine (NT), a toxic product
of superoxide reaction with nitric oxide (NO) (Modi et al.,
2015). Also, in AD, the inducible NO synthase (iNOS), which
is produced by astrocytes, microglia and macrophages (Nathan
et al., 2005) generates increased levels of NO which causes
oxidative stress, consequently leading to neurodegeneration
(Balez and Ooi, 2016). However, INOS gene expression levels in
5XFAD and control mice were found to be similar, indicating
that iNOS is not excessively produced by glial cells of this mouse
model (Griñán-Ferré et al., 2016).

In neurodegenerative diseases, like AD, glial cells, including
astrocytes, microglia, and oligodendrocytes, activate and trigger
hazardous neuroinflammatory reactions inducing neuronal
death (Cragnolini et al., 2020). Glial cells are part of an
organized network that offers communication and support
via gap junctions (GJs) (Giaume et al., 2010). Adjacent glial
cells form GJs which are composed of opposing hexamers
of connexins (Cxs) (Yamasaki, 2018), which are involved in
the exchange of small molecules and ions such as Ca2+,
cAMP, ATP and glutamate and contribute to long distance
intercellular signaling (Takeuchi and Suzumura, 2014). In the
central nervous system (CNS), the astroglial-astroglial (A/A),
and astroglial-oligodendroglial (A/O) coupling plays a major role
in the maintenance of myelination, neuronal homeostasis, and
synaptic neurotransmission (Yamasaki, 2018). Astrocytic Cx43
only couples with itself in the A/A GJs and with Cx47 in the A/O
GJs, whereas astrocytic Cx30 couples with itself in the A/A GJs
and with Cx32 in the A/O GJs (Nagy et al., 2003; Kleopa et al.,
2004; Orthmann-Murphy et al., 2007).

Cxs are known to be implicated in disease either by
mutations in Cx genes that cause inheritable diseases or by
primary or secondary Cx dysfunctions that cause acquired
disorders (Yamasaki, 2018). GJB1 (Cx32) gene mutations cause
the X-linked Charcot-Marie-Tooth disease, a disease of the
peripheral nervous system, where Schwann cells fail to provide
metabolic or trophic support for the physiological function of
axons (Jeng et al., 2006). Autosomal recessive GJC2 (Cx47)
gene mutations cause the Pelizaeus Merzbacher-like disease, a
hypomyelinating leukodystrophy (Uhlenberg et al., 2004). Also,
oculodentodigital dysplasia is an autosomal dominant syndrome
caused by GJA1 (Cx43) gene mutations characterized by CNS
demyelination and progressive spastic paraplegia (Paznekas et al.,
2003), highlighting the importance of astrocytic coupling with

oligodendrocytes, the myelinating cells of the CNS, for the
homeostasis and survival of the latter. The crucial role of GJs for
CNS myelination is validated in mouse models of these disorders
(Sutor et al., 2000; Odermatt et al., 2003; Lutz et al., 2009;
Sargiannidou et al., 2009; Magnotti et al., 2011; Tress et al., 2012).
In addition, in mutant Superoxide dismutase-1 transgenic mice
(mouse model of motor neuron disease), neuronal Cx36, which
is responsible for the development of electrical synapses (Bautista
et al., 2014), showed reduced expression (Belousov et al., 2018;
Kobayakawa et al., 2018). In addition, the upregulation of Cx
hemichannels (HCs) is linked to the activation of microglia and
astrocytes in these mice (Cui et al., 2014). Cxs are also implicated
in Multiple Sclerosis (MS) and the experimental autoimmune
encephalomyelitis (EAE) mouse model of MS (Brand-Schieber
et al., 2005; Eugenin et al., 2012; Markoullis et al., 2012a,b,
2014). In both MS and EAE, Cx32 was reduced within and
around lesions, in acute and chronic stages, particularly in areas
with severe inflammation (Markoullis et al., 2012a,b). In acute
EAE, Cx47 was not reduced but rather redistributed from GJ
plaques intracellularly, while in chronic EAE, Cx47 GJs were lost.
However, Cx43 GJ plaques were disrupted in acute MS (Masaki,
2013) and EAE lesions (Markoullis et al., 2012a) but upregulated
in chronic lesions, reflecting astrogliosis. Reactive astrocytes in
MS chronic lesions were mostly coupled with other astrocytes
forming Cx43-Cx43 GJs and formed less Cx43-Cx47 GJs with
oligodendrocytes (Markoullis et al., 2012b).

In AD, astrocytic Cx43 and Cx30 expression was increased
in AD post-mortem brain samples and in the APP/PS1 mouse
model of AD, specifically around Aβ plaques (Nagy et al., 1996;
Mei et al., 2010). Aβ peptide increases the propagation of [Ca]i

2+

waves in astrocytes (Haughey and Mattson, 2003), a process in
which Cxs are known to be involved (Scemes and Giaume, 2006).
Low concentrations of monomerized Aβ1−40 impair gap junction
communication in cultured rat astrocytes (Cruz et al., 2010).
Aβ-induced HC opening was reported in astrocytic, microglial,
and neuronal cultures obtained from transgenic mice (Orellana
et al., 2011b). Results showed that Cx43 and Pannexin 1 (Panx1)
HCs are involved in microglia, while only Cx43 HCs are activated
in astrocytes. Cx43 and Panx1 HCs were shown to be activated
mostly in reactive astrocytes infiltrating Aβ plaques, contributing
to neuronal damage, in APP/PS1 mice (Yi et al., 2016). Aβ25−35-
induced HC activation leads to ATP and glutamate release from
microglia and astrocytes, triggering HC opening in neurons with
detrimental consequences in neuronal survival (Orellana et al.,
2011b). Also, it was reported that in culture models, Aβ not only
triggers HC activation but also the activation of glial NMDA
and P2X receptors, which in turn release ATP and glutamate,
which then activate HC opening in neurons, leading to neuronal
death (Koulakoff et al., 2012). Cx43 HC-mediated ATP release
was reported in the APP/PS1 mouse model to further propagate
the neurodegenerative process (Delekate et al., 2014). However,
the implication of Cx47 in AD has not been investigated.

In the present report, we focused on the investigation
of the astrocytic Cx43 and Cx30 and the main partner
of Cx43 in the A/O GJs, Cx47, for the first time in
the 5XFAD mouse model of AD. We show increased
immunoreactivity of Cx43 and Cx30 at the microenvironment
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of Aβ plaques by immunostaining analysis, suggesting
a role for Cx43 in the progression of the disease, also
confirmed by the analysis of brain protein extracts in
5XFAD mice. Furthermore, we demonstrate decreased
immunoreactivity of Cx47, for the first time in a mouse
model of AD, indicating disruption of A/O GJs, together
with depletion in oligodendrocyte precursor cells (OPCs) and
mature oligodendrocytes, possibly contributing to neuronal
degeneration and AD progression.

MATERIALS AND METHODS

Experimental Mice
5XFAD mice overexpress high levels of mutant human APP
(Swedish: K670N/M671L, Florida: I716V, London: V717I) and
PSEN1 mutations (M146L, L286V mutations) under the presence
of mouse Thy1 promoter, leading to rapid development of Aβ

pathology and increased production of Aβ42 (Oakley et al., 2006).
The 5XFAD transgenic mouse model of AD was purchased from
Jackson Laboratory. Male 5XFAD mice were crossed with female
SJL/B6 F1 mice and the offspring was used for all experiments.
The offspring was divided in three age groups (3, 6 and 9 months
of age, designated below as 3M, 6M, and 9M groups, respectively)
and both transgenic and age matched wild-type (WT) mice
were used. Animals were maintained in pathogen-free (SPF)
conditions, in a 12 h light/dark cycle and were always provided
with food and water. Animal care, sacrifice and experimental
protocols used in this project follow the EU guidelines (Council
Directive 86/609/EEC) and were approved by the Cyprus
Government’s Veterinary Services (CY/EXP/PR.L1/2018).

T-Maze Spontaneous Alternation Test
The T-maze test is a behavioral test which quantifies cognitive
deficits in mice by testing their spatial memory and exploratory
behavior (Deacon and Rawlins, 2006). It is an enclosed wooden
apparatus which consists of the start alley (30 cm length× 10 cm
width), two goal arms (30 cm length × 10 cm width), two
guillotine doors which fit the maze and a central partition
extending 7 cm into the start arm. The walls are 20 cm high.
A thin layer of bedding (70% new and 30% old) was placed on
the maze floor. The two guillotine doors were opened halfway,
and the central partition was in place. Mice were placed in
the start arm facing the wall and allowed to explore the start
area. The selection of the goal arm (Left or Right) was recorded
(all four appendages should enter the arm). As soon as the
mouse had entered an arm, the guillotine door was closed, and
the mouse was left in the arm for 30 s. The central partition
was then removed from the apparatus. The mouse was gently
removed from the arm and placed again in the start arm.
The selection of the goal arm (Left or Right) was recorded
again. Finally, the mice were given a score after completing a
trial (0 = entry in the same arm, 1 = entry in the opposite
arm (alternation), 2 = no entry/entry exceeding the 90 s time
limit). By repeating trials, mice should have higher tendency
to enter the not previously visited arm. All mice completed

20 trials (4 trials per day) and the percentage of spontaneous
alternation was calculated.

Histology
Mice were anesthetized intraperitoneally with Avertin and
then transcardially perfused with normal saline followed by
4% paraformaldehyde (PFA). Half cerebrums were harvested,
post-fixed with 4% PFA and cryopreserved in 20% sucrose
in phosphate buffer (PB 0.1M) overnight. Optimum cutting
temperature (OCT) compound was then used as the tissue
embedding medium. The embedded cerebrums were then placed
in a dry-ice/acetone cooling bath and stored in −80◦C. Twelve
µm-thick cryostat coronal sections were then obtained and
stored in−20◦C.

Avidin-Biotin Complex (ABC)
Immunohistochemistry
Coronal brain hemi-sections were permeabilized in cold acetone
for 10 min, underwent quenching of endogenous peroxidase with
3% H2O2 in methanol for 30 min and pre-treated with 70%
formic acid (antigen retrieval) for 5 min. Sections were then
blocked at room temperature for 20min, with blocking solution
[0.02% normal horse serum (NHS) in PBS/Triton X-100 (0.5%)],
and incubated overnight at 4◦C with anti-β-amyloid primary
antibody (monoclonal 6E10, 1:400; Covance). Sections were
then washed with PBS and incubated for 1 h with biotinylated
secondary antibody which was detected with an avidin-biotin-
peroxidase complex (Vectastain Elite ABC kit, Vector Labs,
PK-6102) and 3,3′-Diaminobenzidine (DAB, DAKO, K3468).
The sections were then counterstained with hematoxylin and
mounted with glycerol.

Fluorescence Immunohistochemistry
Sections were permeabilized in cold acetone for 10 min, blocked
at room temperature with blocking solution [5% bovine serum
albumin (BSA) in PBS/Triton X-100 (0.5%)] and incubated
overnight at 4◦C with the following mouse monoclonal primary
antibodies: anti-β-amyloid (6E10, 1:400; Covance), anti-glial
fibrillary acidic protein (GFAP, Sigma, 1:400), anti-APC (CC-
1, Millipore, 1:50), anti-NeuN (Millipore, 1:400), anti-Cx47
(Invitrogen, 1:200), the following rabbit primary antibodies:
anti- IBA1 (Biocare Medical, 1:500), anti-Cx43 (Cell Signaling,
1:50), anti-Cx30 (Thermo Fisher Scientific, 1:500), anti-Cx47
(Thermo Fisher Scientific, 1:500), anti-Cx32 (Thermo Fisher
Scientific, 1:100) and anti-Olig2 (Millipore, 1:500) and the rat
anti-PLP primary antibody (Prof. Reynold’s lab, 1:10). Sections
were then washed with PBS and incubated for 1 h with
the respective secondary antibodies: Fluorescein (FITC) goat
anti-mouse, 1:100, Alexa Fluor R© 594 goat anti-rabbit, 1:500,
and rhodamine (TRITC) conjugated AffiniPure F (ab′)2 goat
anti-rat, 1:2,000 (Jackson ImmunoResearch), stained with 4′,6′-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich) and mounted
with fluorescent mounting medium (DAKO). Images were
visualized by a Zeiss fluorescent microscope. To assess the
astroglial and microglial activation, we measured the total area
of GFAP and Iba1 immunofluorescence as a percentage of the
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total image area using the Image J software. NeuN+ neuronal
numbers, Olig2+ cells (oligodendrocyte precursors and mature
oligodendrocytes) and CC1+ cells (mature oligodendrocytes)
were counted per total area in NeuN and Olig2/CC1 stained
sections, respectively.

Semi-Quantification of Fluorescence
Intensity of Cx43, Cx30, and Cx47 at the
Sites of Aβ Plaques
In 3- and 9-months-old 5XFAD mice, Aβ/Cx43 and Aβ/Cx30
immunostaining of brain sections were used to measure the
fluorescence intensity of Cx43 and Cx30 at the level of plaques.
Multiple images of the cortex and thalamus were captured with
a 20x objective using a Leica Fluorescence Microscope (n = 6
mice per age). Aβ plaques found close to blood vessels were
not considered. The total number of Aβ plaques measured were:
353 plaques in 3M cortex, 472 plaques in 3M thalamus, 740
plaques in 9M cortex and 1101 plaques in 9M thalamus. Image J
software was used to analyze these images. For each Aβ plaque,
three oval selections (with 60◦ rotation from each other) were
made to cover the whole perimeter of the plaque and slightly
outside of that perimeter. The mean fluorescence intensity of
Cx43 and Cx30 was measured from the three oval selections at the
level of each Aβ plaque and compared with the Cx fluorescence
intensity in five areas away from Aβ plaques within the same
image and significant differences (p < 0.05) between these values
were identified by using the unpaired t-test (GraphPad Prism
Software). From these measurements we were able to identify
the percentage of Aβ plaques which had increased, decreased
or unchanged Cx immunoreactivity compared to control areas
away from Aβ plaques (Supplementary Figure 2). Also, the mean
Cx fluorescence intensity at the level of Aβ plaques in 5XFAD
mice was compared with the fluorescence intensity in areas
away from Aβ plaques and with the Cx fluorescence intensity
in WT mice (five different areas were measured per image).
One-way ANOVA followed by Kruskal-Wallis test was used to
detect any statistical significance between all age groups and
the two genotypes.

Cx47 fluorescence intensity was measured in double
immunostaining images for Aβ/Cx47 in 3- and 9-months-old
5XFAD mice and compared with WT controls. Oligodendrocytes
(n = 31/image) with Cx47-positive puncta were selected with
6.858 mm2 squares and the fluorescence intensity was measured
after removing the background. The statistical analysis was
performed by the unpaired t-test.

RNA Extraction and Quantitative
Real-Time PCR
Cortex and thalamus were isolated from half cerebrums and
RNA was extracted using the RNeasy lipid tissue mini kit
(Qiagen). Tissues were homogenized with QIAzol lysis reagent
and proteins were denatured with chloroform. DNase digestion
was also performed, and total RNA was quantified using
NanoDrop ND_100. TaqMan reverse transcription (RT) reagents
were used for RT-PCR (final vol. 40 µl) in all samples (25◦C
for 10 min, 48◦C for 30 min, and 95◦C for 5 min). Also,

quantitative real-time PCR was performed in all cDNAs to
measure the expression of (Gja1 (Cx43), GJb6 (Cx30), Gjc2
(Cx47), and Gjb1 (Cx32) genes compared to the expression
of Tubb4a (Tubulin, house-keeping gene) using the following
Taqman Gene Expression assays: Cx43: Mm01179639_m1, Cx30:
Mm00433661_s1, Cx47: Mm00519131-s1, Cx32: Mm01950058-
s1, and Tubulin: Mm00726185_s1. A 7900HT Real-Time PCR
System (Applied Biosystems, hold at 55◦C for 2 min and at
95◦C for 10 min, followed by 40 cycles at 95◦C for 15 s
and at 60◦C for 1 min) was used for this purpose. Triplicates
from each cDNA sample were loaded (200 ng) along with 1
µl of Taqman Gene Expression assay and 10 µl of Taqman
Gene Expression Master mix in a final volume of 20 µl. Cycle
thresholds (Cts) of genes of interest were normalized against
tubulin and mRNA levels were calculated in 5XFAD and WT
mice and shown as fold induction values (2−11Ct) compared to
WT control mice.

Immunoblot Analysis
Mice were sacrificed and the cortex and thalamus were harvested
from half cerebrums. The tissues were homogenized in ice-cold
RIPA buffer (1% NP-40, 0.5% C24H39Na04, 0.1%SDS, 2 mM
EDTA) dissolved in 1xPBS along with a protease inhibitor
cocktail (Roche) and centrifuged for 20 min at 4◦C. Protein
concentration was measured with bicinchoninic acid (BCA)
assay (Smith et al., 1985) and 100 µg were mixed with 4x
laemli buffer (Biorad). Tissue lysates were loaded in 12%
SDS-PAGE [ddH20, 30% acrylamide-bis (29:1), 1.5M Tris-
CL pH 8.8, 10%SDS, 10%APS, Temed] and transferred to
a Hybond PVDF blotting membrane (Life Sciences) using
a semi-dry unit. The membrane was blocked in blocking
solution [5% non-fat skimmed milk in PBS containing
0.1% Tween-20 (PBS-T)] for 1 h at room temperature and
then incubated overnight at 4◦C with the following mouse
primary antibodies: anti-Cx43 (Millipore, 1:1,000) and anti-
Tubulin-E7 (DSHB, 1:4,000) and the rabbit anti-Cx30 (Thermo
Fisher Scientific, 1:500). After 15 min washes in PBS-T,
membranes were incubated for 1 h at room temperature with
a goat anti-mouse or anti-rabbit HRP-conjugated secondary
antibody (Jackson Immunoresearch, 1:3,000). The bound
antibody was visualized by enhanced chemiluminescence
system (ECL, GE Healthcare Life Sciences), protein expression
was normalized against tubulin and band intensity was
quantified using Image J.

Statistical Analysis
All data in graphs are expressed as the mean and error
bars indicate the standard error of the mean (SEM).
Normal distribution of data was evaluated, and the
statistical tests performed were the following: One-way
ANOVA followed by Sidak’s or Kruskal-Wallis multiple
comparisons test and unpaired t-test. Values of p < 0.05 were
considered significant. Details showing which statistical
test was performed in each experiment are reported in
the figure legends.
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RESULTS

Amyloid-Beta Pathology in 5XFAD Mice
The localization of Aβ deposits was investigated at 3, 6, and
9 months of age. DAB immunohistochemistry was performed
in 5XFAD mice as well as in their age-matched WT littermate
controls. Aβ accumulation in 5XFAD mice has been shown to
progress with age (Oakley et al., 2006). Likewise, we observed in
3- months-old 5XFAD mice a few Aβ deposits in the cortex (layer
VI) and in the thalamus. Aβ deposition gradually increased with
age and larger deposits were observed in 9- months-old 5XFAD
mice compared to 3- and 6-months-old animals (Figures 1A,B).
Plaques at 6 and 9 months of age covered all cortical layers and
the whole retrosplenial area of the cortex but were found most
prominently in the layers V and VI of all other cortical areas
(posterior parietal, primary somatosensory, auditory, temporal,
ectorhinal, perirhinal, and entorhinal area). By 9 months of
age the larger sized plaques were localized in cortical layer V.
Moreover, at 6 and 9 months of age Aβ deposits were also found
in the hippocampus mainly in the stratum oriens of the CA1 area
and in the molecular and polymorph layers of the dentate gyrus.
They also covered the whole thalamic area. WT mice showed no
deposits in all ages.

Neuronal Loss and Hippocampal
Impairment in 6- and 9-Months-Old
5XFAD Mice
Aβ plaques in the brain can contribute to loss of function and
neuronal death either directly or indirectly by disrupting the
communication between neurons (Parihar and Brewer, 2010).
Therefore, we investigated whether mature neurons were affected
by the AD pathology in this mouse model. Since the majority of
Aβ plaques were localized in the cortical layer V and thalamus, as
shown above, we assessed possible neuronal loss in these areas.
Neurons were counted from an area of 260 and 346 mm2 in
the cortical layer V and thalamus, respectively. Immunostaining
with NeuN antibody (Figures 2A–D) showed that 3-months-
old 5XFAD and WT mice had similar numbers of neurons in
cortical layer V (5XFAD: 333 ± 19 NeuN+ cells per area, WT:
322 ± 9 NeuN+ cells per area). However, 6- and 9-months-old
5XFAD mice had significantly lower numbers of mature neurons
(246 ± 18 NeuN+ cells per area and 236 ± 10, respectively)
compared to those at 3-months of age (333 ± 19 NeuN+ cells
per area). Also, the number of mature neurons in 9-months-old
5XFAD mice was significantly lower (236 ± 10 NeuN+ cells per
area) compared to WT mice of the same age (300 ± 6 NeuN+
cells per area). In the thalamus, neuronal loss was significant only
in 9-months-old (96 ± 9 NeuN+ cells per area) compared to 3-
months-old 5XFAD mice (146 ± 7 NeuN+ cells per area). Taken
together, these data indicate, progressive neuronal loss in cortical
layer V and to a lesser degree in the thalamus, associated with
progressive Aβ deposition in older 5XFAD mice.

Furthermore, to assess the hippocampus-depended working
memory and spatial learning of 5XFAD mice we calculated
the spontaneous alternation of mice with a T-maze apparatus
(Figure 2E). This behavioral test measures the exploratory

behavior of animals, i.e., the preference to enter a new arm
of the maze rather than the arm they have visited before.
5XFAD mice at 6 months of age showed reduced alternation
compared to their age-matched WT controls. Similarly, 9-
months-old 5XFAD mice showed reduced alternation compared
to WT controls of the same age, as well as compared to 6-
months-old 5XFAD mice. Thus, 6- and 9-months-old 5XFAD
mice show progressive deficits in memory function due to
hippocampal impairment.

Increased Gliosis in the Brain of Older
5XFAD Mice
A major contributor to neurodegeneration in AD is also
neuroinflammation, which is known to be associated with the
progression of the disease. Astrocytes and microglia surround Aβ

plaques and become reactive propagating inflammatory signals
(Fakhoury, 2017). Therefore, anti-GFAP and anti-Iba1 antibodies
were used to evaluate the degree of microglia activation and
astrogliosis (Kamphuis et al., 2014; Navarro et al., 2018).

Immunohistochemistry experiments in 5XFAD mice have
revealed some morphological characteristics of glial cells in
both brain areas at each age [cortical layer V: retrosplenial
(RSP) area, primary and secondary motor areas (MOp, MOs);
thalamus: posterior complex (PO) and ventral posteromedial
(VPM) nucleus of the thalamus]. Astrocytes in the cortex and
thalamus of 3-months-old 5XFAD mice were moderately reactive
with an apparent GFAP upregulation (Figures 3A,B). In addition,
at the ages of 6 and 9 months, 5XFAD mice showed severe
reactive astrogliosis in both brain areas compared to the 3-
months-old 5XFAD mice, with GFAP upregulation, cytoskeletal
hypertrophy and overlap of astrocytic processes. In contrast,
reactive astrocytes were extremely rare in WT mice at all ages.
Likewise, microglia at all ages of 5XFAD mice, were shown to be
in an activated state, characterized by cell body hypertrophy and
shortened processes, in contrast to WT littermates showing lack
of microglia activation.

By quantifying the percentage of the total area covered by
astrocytes and microglia in the immunostaining images, we
confirmed that in both brain areas the levels of GFAP+ astrocytes
in 6- and 9-months old 5XFAD mice were increased (cortex:
11.39% ± 0.71 and 11.75% ± 1.49, respectively, thalamus:
14.52% ± 0.90 and 15.29% ± 1.82, respectively) compared to
3-months-old 5XFAD mice (cortex: 4.52% ± 0.67, thalamus:
5.23% ± 0.81), whereas the levels were similar when comparing
6- and 9-months-old mice (Figures 3C,D). As expected, WT mice
of all ages showed very low levels of GFAP+ immunoreactivity in
the cortex and thalamus.

Furthermore, in the cortex and thalamus, Iba1+ microglia
levels (Figures 3E,F) were slightly increased at 6- and 9-months-
old 5XFAD mice (cortex: 7.20% ± 0.49 and 6.84% ± 0.81
respectively, thalamus: 8.84% ± 0.65 and 7.58% ± 0.57,
respectively) compared to the 3-months-old mice (cortex:
4.55% ± 0.28, thalamus: 4.59% ± 0.57). However, the levels
of Iba1+ microglia were similar among 6- and 9-months-old
5XFAD mice. In both the cortex and thalamus 5XFAD mice
of all age groups showed significantly increased levels of Iba1+
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FIGURE 1 | Progressive formation of Aβ plaques in 5XFAD mice. Brain DAB immunohistochemistry showed Aβ deposition in three age groups of 5XFAD mice (3, 6,
and 9 months). (A) Coronal brain hemi-sections (12 µm thick) were stained with 6E10 primary antibody followed by DAB chromogen to reveal individual plaques
(brown dots) in the cortex, thalamus and hippocampus. (B) Aβ plaque deposition increased tremendously with age as shown in higher magnification images of
5XFAD as opposed to WT mice in both brain areas. Scale bar = 50 µm in (B).
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FIGURE 2 | Neuronal loss and cognitive decline in 5XFAD mice. (A) Immunofluorescence staining of cortical areas from 5XFAD and WT mice with neuronal marker
NeuN+ (green) labeling neurons. Cell nuclei are counterstained with DAPI (blue). Cortical layer V is indicated with dotted lines and limits of other cortical layers are
indicated with white lines. (B) Immunofluorescence staining of thalamic areas from 5XFAD and WT mice with neuronal marker NeuN+ (green) labeling neurons.
(C) Quantification of the mean number of neurons in cortical layer V indicates neuronal loss in 6- and 9-months-old compared to 3-months-old 5XFAD mice. (D) In
the thalamus, quantification of the mean number of neurons shows there is neuronal loss in 9-months-old 5XFAD compared to 3-months-old 5XFAD. [One-way
ANOVA followed by Sidak’s multiple comparisons test, 5XFAD mice/age (n = 6), WT mice/age (n = 6)]. (E) T-maze behavioral test indicates reduced alternation
percentage in 5XFAD mice in both age groups [unpaired t-test, 6M 5XFAD mice (n = 20), 6M WT mice (n = 18), 9M 5XFAD mice (n = 12), 9M WT mice (n = 12)].
Graphs show the mean and error bars indicate the standard error of the mean (SEM). Significance is given as: *p = 0.0332, **p = 0.0021, ***p = 0.0002,
****p < 0.0001. Scale bars = 50 µm in (A,B).
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FIGURE 3 | Progressive inflammation and astrogliosis in the RSP, MOp and MOs areas of cortical layer V and in the PO and VPM nucleus of the thalamus in 5XFAD
mice. (A,B) Double immunofluorescence staining of cortical and thalamic areas from 5XFAD and WT mice, with astrocytic marker, GFAP (green) and microglial
marker, Iba1 (red). 5XFAD mice showed increased gliosis in both brain areas in older ages, while WT mice showed no astrogliosis. Quantification of the percentage of
the total area covering GFAP+ astrocytes (C,D) and Iba1+ microglia (E,F) in both brain areas confirmed increased astrogliosis reaching plateau in 9-months-old
5XFAD mice. The statistical analysis was performed by one-way ANOVA followed by Kruskal-Wallis multiple comparisons test [5XFAD mice/age (n = 6), WT mice/age
(n = 6)]. Graphs show the mean and error bars indicate the standard error of the mean (SEM). Significance is given as: *p = 0.0332, **p = 0.0021, ***p = 0.0002.
Scale bars = 50 µm in (A,B).

Frontiers in Neuroscience | www.frontiersin.org 8 October 2020 | Volume 14 | Article 582934

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-582934 October 5, 2020 Time: 13:19 # 9

Angeli et al. Connexins in AD

microglia (cortex: 3M: 4.55% ± 0.28, 6M: 7.20% ± 0.49, 9M:
6.84% ± 0.81; thalamus: 3M: 4.59% ± 0.57, 6M: 8.84% ± 0.65,
9M: 7.58% ± 0.57) compared to their age-matched WT
littermates (cortex: 3M: 1.05% ± 0.17, 6M: 2.24% ± 0.08, 9M:
2.07% ± 0.17; thalamus: 3M: 1.15% ± 0.21, 6M: 1.97% ± 0.14,
9M: 2.04%± 0.18).

Increased Immunoreactivity of Cx43 and
Cx30 Around Aβ Plaques in 5XFAD Mice
Astrocytes form highly organized networks in the CNS,
maintaining communication via GJs or HCs (Xing et al., 2019).
Since reactive astrocytes are involved in inflammatory responses,
surrounding Aβ plaques in AD (Perez-Nievas and Serrano-
Pozo, 2018) we further investigated the expression of the major
astrocytic Cxs (Cx43 and Cx30) which compose the GJs or HCs
in 5XFAD mice. However, we cannot exclude that some of the
Cx43 could be expressed in microglia or non-GFAP astrocytes
(Supplementary Figure 1). We examined their expression in the
RSP, MOp and MOs areas of cortical layer V and in the PO and
VPM nucleus of the thalamus in 3- and 9-months-old 5XFAD
mice, where neuronal loss was observed in older mice.

Double immunostainings for Aβ/Cx43 and Aβ/Cx30 were
performed (Figures 4A,B) and the fluorescence intensity of both
Cxs was measured in the area around the perimeter of Aβ plaques
and away from Aβ plaques, compared to the corresponding
areas of aged-matched WT controls. Results were categorized
in three different Cx immunoreactivity profiles around Aβ

plaques: increased, unchanged, and decreased immunoreactivity
compared to areas away from Aβ plaques. The percentages
of Aβ plaques having each of those profiles were calculated
(Supplementary Figure 2).

In the cortex and thalamus, Cx43 immunoreactivity was
higher in 9-months-old 5XFAD mice and especially around Aβ

plaques (cortex: 309,658± 10,389 a.u., thalamus: 209,265± 4,893
a.u.) compared to 3-months-old mice (cortex: 53,608 ± 2,737
a.u., thalamus: 55,192 ± 1,858 a.u.). There was also significantly
higher Cx43 immunoreactivity at 9 months around the area
of plaques compared to areas away from plaques (cortex:
85,664± 7,541 a.u., thalamus: 94,554± 6,280 a.u., Figures 4C,D).
In contrast, Cx43 immunoreactivity in the corresponding areas
of 9-months-old WT mice (cortex: 47,447± 2,596 a.u., thalamus:
65,454 ± 3,203 a.u.) and in areas far from Aβ plaques in 5XFAD
mice (cortex: 85,664 ± 7,541 a.u., thalamus: 94,554 ± 6,280
a.u.) showed no significant difference, although there was a
tendency to increase in 5XFAD non-plaque areas. These results
confirmed that Cx43 channels were increased specifically in the
microenvironment of Aβ plaques and not in areas that were
far away. The expression of Cx43 in 3-months-old 5XFAD mice
around plaques in both brain regions (cortex: 53,608± 2,737 a.u.,
thalamus: 55,192 ± 1,858 a.u.) was similar to the expression of
Cx43 in areas away from plaques (cortex: 39,093 ± 1,700 a.u.,
thalamus: 51,797 ± 2,280 a.u.) and in areas of WT mice of the
same age (cortex: 19,893 ± 1,134 a.u., thalamus: 25,228 ± 1,565
a.u.) as well as in areas of 9-months-old WT mice (cortex:
47,447 ± 2,596 a.u., thalamus: 65,454 ± 3,203 a.u.). Thus,
increased Cx43 expression around Aβ plaques likely occurs at

later stages of AD pathology as a result of progressive astrogliosis
and neurodegeneration.

Similar to Cx43, Cx30 immunoreactivity (Figures 4E,F) was
increased around Aβ plaques in 9-months-old 5XFAD mice
(cortex: 234,427 ± 7,560 a.u., thalamus: 143,549 ± 3,405 a.u.)
compared to 3-months-old 5XFAD mice (cortex: 72,913 ± 2,382
a.u., thalamus: 80,219 ± 2,478 a.u.). In the cortex, Cx30
immunoreactivity was also increased around Aβ plaques
(234,427 ± 7,560 a.u.) compared to areas away from plaques
(72,290 ± 3,769 a.u.) and in corresponding areas of WT controls
(28,749 ± 1,152 a.u.). However, in the thalamus of 9-month-
old 5XFAD mice there was no significant difference between the
immunoreactivity of Cx30 around Aβ plaques (143,549 ± 3,405
a.u.) and areas away from Aβ plaques (103,272 ± 7,420 a.u.).
Cx30 immunoreactivity in those two areas was significantly
increased compared to areas in WT controls (31,984 ± 1,895
a.u.). These results indicate that Cx30 was increased around Aβ

plaques in the cortices of aged 5XFAD mice, but this did not
occur in the thalamus, where Cx30 was more diffusely increased
both around and in areas away from plaques. At 3 months of
age, in both brain regions of 5XFAD mice, Cx30 was slightly
increased in areas away from plaques (cortex: 86,273 ± 2,519
a.u., thalamus: 114,374 ± 5,635 a.u.) compared to areas around
plaques (cortex: 72,913 ± 2,382 a.u., thalamus: 80,219 ± 2,478
a.u.) and areas in WT controls (cortex: 52,192 ± 2,764 a.u.,
thalamus: 73,084 ± 2,639 a.u.). These findings suggest that both
astrocyte Cxs are increased as a result of AD pathology, but Cx43
is more prominent than Cx30 in reactive astrocytes especially
around Aβ plaques.

Increased Cx43 Protein and Unchanged
Cx30 Protein Levels in 5XFAD Mice of All
Ages
To further corroborate the results of the immunofluorescence
experiments, indicating specific alterations of astrocytic Cxs and
in particular of Cx43 more than Cx30 in the microenvironment
of Aβ plaques in older 5XFAD mice, we investigated the mRNA
and protein levels of these two astrocytic Cxs in the cortex and
thalamus of these mice.

Interestingly, in both brain areas, Cx43 mRNA levels in
all three age groups of 5XFAD mice, were significantly lower
compared to their aged-matched WT controls (Figures 5A,C).
Moreover, mRNA levels were significantly lower in 3- compared
to 9-months-old 5XFAD mice, in both brain areas but in the
thalamus this significance was stronger than in the cortex. In
contrast, immunoblot experiments showed increased levels of
Cx43 protein in 3- and 9-months-old 5XFAD mice compared
to their aged matched WT controls, in the cortex as well as
in the thalamus (Figures 5B,D and Supplementary Figure 3,
shows original gels), in keeping with the immunostaining
results. This inverse correlation between mRNA and protein
levels could reflect the complex regulatory mechanisms that
underlie transcription and translation such as transcriptional
modifications (Yan et al., 2018).

On the other hand, Cx30 mRNA levels in both brain
areas from all three age groups of 5XFAD mice showed no
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FIGURE 4 | Increased immunoreactivity of Cx43 and Cx30 in areas around Aβ plaques in the RSP, MOp and MOs areas of cortical layer V and in the PO and VPM
nucleus of the thalamus of 3 and 9-months-old 5XFAD mice. Double immunofluorescence staining of cortical and thalamic areas from 5XFAD and WT mice, with Aβ

antibody (clone 6E10, green) and Cx43 or Cx30 (red). (A,B) 5XFAD mice at the age of 9-months showed increased immunoreactivity of Cx43 and Cx30 in the
perimeter of Aβ plaques. Higher magnification images clearly show this phenomenon. (C–F) Quantification of the fluorescence intensity of Cx43 and Cx30 in areas
around and away from Aβ plaques in 5XFAD mice and in areas in WT mice. Increased immunoreactivity of Cx43 and Cx30 was detected in the perimeter of Aβ

plaques compared to areas off Aβ plaques in 5XFAD mice and in WT areas. The statistical analysis was performed by one-way ANOVA followed by Kruskal-Wallis
multiple comparisons test [5XFAD mice/age (n = 6), WT mice/age (n = 6)]. Graphs show the mean and error bars indicate the standard error of the mean (SEM).
Significance is given as: *p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001. Scale bars = 50 µm in (A,B); 25 µm in higher magnification insets.
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FIGURE 5 | Cx43 and Cx30 mRNA and protein levels in the brain of 5XFAD mice. (A,C) Cx43 mRNA levels drop significantly at all ages of 5XFAD mice compared to
WT controls in both cortex and thalamus. (B,D) However, quantification of immunoblots showed increased protein levels of Cx43 in 3- and 9-months-old 5XFAD
mice compared to their WT controls, respectively. (E,G) Cx30 mRNA levels were similar at all ages of 5XFAD mice compared to WT controls in the cortex, except in
thalamus where a significant drop was shown. (F,H) The quantification of immunoblots showed similar levels of Cx30 protein in both brain areas. The asterisks inside
the columns of mRNA graphs indicate the p-values representing significance of connexin levels in 5XFAD compared to WT controls, while the asterisks outside the
columns represent the significance of connexin levels between different age groups of 5XFAD mice. The statistical analysis for mRNA was performed by one-way
ANOVA followed by Kruskal-Wallis multiple comparisons test [5XFAD mice/age (n = 6), WT mice/age (n = 6)], while the immunoblot analysis was performed by
unpaired t-test [5XFAD mice/age (n = 3), WT mice/age (n = 3)]. Graphs show the mean and error bars indicate the standard error of the mean (SEM). Significance is
given as: *p = 0.0332, **p = 0.0021, ***p = 0.0002, ****p < 0.0001.

significant difference compared to their WT controls, except
in the thalamus, where 9-months-old 5XFAD mice showed
significantly lower levels of Cx30 mRNA compared to the
WT mice (Figures 5E,G). Furthermore, immunoblot analysis

of Cx30 protein showed similar levels between all ages of
5XFAD mice compared to the WT controls (Figures 5F,H and
Supplementary Figure 3; shows original gels), in line with
the mRNA levels.
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Generally, mRNA and immunoblot experiments were
performed in lysed cortices and thalami, where the average levels
of Cx43 and Cx30 were measured in the whole tissue and not
specifically around the perimeter of Aβ plaques, which were
specifically measured in the immunostainings. Immunoblot
results confirmed that Cx43 is the astrocytic Cx that is mostly
altered in the context of 5XFAD brain pathology compared to
WT mice, as observed by the immunofluorescence experiments
as well. Whether Cx43 localization around Aβ plaques is only a
consequence of astrogliosis or whether it also contributes to the
disease propagation remains to be shown.

Decreased Immunoreactivity of Cx47 in
5XFAD Mice
Since we found an increased immunoreactivity of Cx43 around
Aβ plaques in 9-months-old 5XFAD mice, we further asked
whether the major partner of Cx43 at A/O heterotypic GJs, Cx47
(Orthmann-Murphy et al., 2007), would be affected in the course
of AD pathology.

Double immunostainings were performed for Cx47 and
either Aβ or CC1 (oligodendrocyte marker) in 3- and 9-
months-old 5XFAD and control mice. We captured Cx47
immunoreactive oligodendrocytes in the presence of Aβ in
the RSP, MOp and MOs areas of cortical layer V and in
the PO and VPM nucleus of the thalamus, with some being
closer to Aβ plaque microenvironment and some far away. All
Cx47-positive puncta were used to measure the fluorescence
intensity of Cx47 (Figure 6A). Cx47-positive GJ plaques
were mostly localized around CC1-positive cell bodies and
processes of mature oligodendrocytes (Figure 6B). These two
immunostaining experiments (CC1/Cx47, Aβ/Cx47) showed
a decreased Cx47 fluorescence intensity in oligodendrocytes
of 3- and 9-months-old 5XFAD mice compared to their WT
age-matched controls. Quantification of Cx47 fluorescence
intensity (Figures 6C,D) also confirmed that 5XFAD mice at
both age groups showed decreased Cx47 immunoreactivity
compared to their age-matched controls in the cortex and
thalamus (cortex: 3M 5XFAD mice: 45,565 ± 2,032 a.u., 3M
WT mice: 54,811 ± 3,066 a.u.,9M 5XFAD mice: 45,600 ± 4,727
a.u., 9M WT mice: 66,579 ± 5,692 a.u.; thalamus: 3M 5XFAD
mice: 27,974 ± 1,235 a.u., 3M WT mice: 41,482 ± 4,191
a.u., 9M 5XFAD mice: 34,966 ± 1,975 a.u., 9M WT mice:
50,363 ± 5,543 a.u.). Thus, in contrast to the astrocyte partner
Cx43, oligodendrocytic Cx47 shows reduced expression around
Aβ plaques, indicating loss of A/O connectivity in the context
of AD pathology. Double immunostaining for Cx47 and Cx43
confirmed this finding by showing reduced Cx47 GJ plaques
with less colocalization with Cx43 plaques in 9-months-old
5XFAD mice compared to WT mice (Supplementary Figure 4).
Interestingly, Cx47 and Cx32 mRNA levels showed no significant
difference between 5XFAD and WT mice in both the cortex
and thalamus at all ages (Supplementary Figure 5). Also,
double immunostaining for Aβ and Cx32 showed a diffuse
immunoreactivity of Cx32 which was reduced in 5XFAD mice
as well as disruption of Cx32 within and outside Aβ plaques
(Supplementary Figure 6).

Decreased Numbers of Oligodendrocyte
Precursors and Mature
Oligodendrocytes and Myelin Defects in
5XFAD Mice
Furthermore, we analyzed cells of the oligodendrocyte lineage
(excluding some NG2+ cells) in the cortex and thalamus of
3- and 9-months-old 5XFAD mice and their age-matched WT
littermates, to investigate the reaction of these cells in the
presence of Aβ.

Double immunostaining was performed for Olig2,
a marker of both oligodendrocyte precursors (OPCs)
and mature oligodendrocytes, and CC1, a marker of
mature oligodendrocytes. Three different populations
of oligodendrocytes were observed; Olig2+/CC1+ and
Olig2−/CC1+ cells, which indicate mature oligodendrocytes, and
Olig2+/CC1− cells, which indicate OPCs (Figure 7A). Cells were
counted from an area of 346 mm2. Olig2+ cells were not found
to be in clusters around Aβ plaques (Supplementary Figure 7).
The mean numbers of OPC and mature oligodendrocyte
populations were decreased at both ages of 5XFAD compared to
control mice, in the cortex and thalamus (Figures 7B–E). These
results reveal the loss of mature oligodendrocytes, together with
the loss of Cx47 in 5XFAD mice. Therefore, the loss of A/O
connectivity could affect the survival of mature oligodendrocytes.
Moreover, the loss of OPCs clearly indicates that these cells were
impaired due to AD pathology and possibly could not generate
adequate numbers of mature oligodendrocytes at least at the
level of WT mice.

We further looked myelination at the microenvironment of
Aβ plaques by performing Aβ/PLP double immunostaining in 9-
months-old 5XFAD and WT mice. Myelin proteolipid protein
(PLP) is a major component of the CNS myelin (Yool et al.,
2000). We observed myelin defects in areas surrounding Aβ

plaques in the cortex, corpus callosum and thalamus (Figure 8),
which appears to be a consequence of OPCs and mature
oligodendrocytes loss.

DISCUSSION

In this study we suggest the implication of glial Cxs in the
progression of AD. The increased Cx43 immunoreactivity at
the microenvironment of Aβ plaques, reflects astrogliosis, while
the reduced Cx47 immunoreactivity indicates loss of connection
between astrocytes and oligodendrocytes. Moreover, we suggest
that the disruption of O/A GJs could be a cause for the
depletion of OPCs and mature oligodendrocytes in the 5XFAD
mouse model of AD. The disruption of the pan-glial syncytium
together with astrogliosis could favor A/A connectivity and/or
the shift of Cx43 GJs into HCs, with deleterious consequences in
neuronal homeostasis.

The 5XFAD transgenic mouse model is an excellent model
for the investigation of familial AD. It combines three mutations
in the APP and two mutations in the PSEN1 gene to ensure
rapid development of Aβ plaques and especially an increase of
Aβ42 in the cerebrum (Oakley et al., 2006). Therefore, this model
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FIGURE 6 | Decreased immunoreactivity of Cx47 in RSP, Mop, and MOs areas of cortical layer V and in the PO and VPM nucleus of the thalamus in 3- and
9-months-old 5XFAD mice. (A) Double immunostaining for Aβ/Cx47 in cortical and thalamic areas showed decreased Cx47 immunoreactivity of 5XFAD mice in both
ages compared to WT mice. Zoomed images show the Cx47 puncta in more detail. (B) Double immunostaining for CC1/Cx47 in cortical and thalamic areas in the
presence of Aβ plaques, in 5XFAD and WT mice. Cx47-positive GJ plaques were expressed by mature oligodendrocytes. Cell nuclei were counterstained with DAPI
(blue). (C,D) Quantification of Cx47 fluorescence intensity confirmed a decreased immunoreactivity as observed in the immunostainings. The statistical analysis was
performed by unpaired t-test [5XFAD mice/age (n = 6), WT mice/age (n = 6)]. Graphs show the mean and error bars indicate the standard error of the mean (SEM).
Significance is given as: *p = 0.0332. Scale bars = 10 µm in (A,B); 5 µm in higher magnification insets.

provides an advantage for studying AD pathology over other
AD mouse models which develop Aβ deposition at a slower rate
(Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al.,
1997; Jankowsky et al., 2004; Radde et al., 2006). However, this
model is characterized by the absence of neurofibrillary tangles,
thus the disease pathology is partially represented, which can
be a drawback in understanding the disease mechanisms. The
development of both Aβ and tau pathology in AD models depicts
their interplay during the development and progression of the
disease, thus demonstrating the AD phenotypic alterations in a
more comprehensive way (Lewis et al., 2001; Oddo et al., 2003;
Boutajangout et al., 2004; Bolmont et al., 2007).

Extracellular Aβ plaques appear at around 2 months of age in
5XFAD mice (Oakley et al., 2006). Plaques are initially found in
the cortex and then spread into other brain areas, as deposition

rapidly increases with age (Maarouf et al., 2013), which we
confirmed in this study. Neuronal loss has also been observed
at 6 months of age in cortical layer V (Oakley et al., 2006;
Eimer and Vassar, 2013). We confirmed loss of mature neurons
starting at 6 and continuing at 9 months of age in cortical
layer V, an area with the heaviest deposition and largest size
of Aβ plaques compared to other cortical regions. We showed
that 5XFAD mice exhibited cognitive deficits compared to WT
mice at the age of 6 and 9 months as shown by the T-maze
behavioral test, possibly indicating that neuronal loss at those
ages causes memory deficits. Spatial memory impairment was
also observed by others at 4, 5, and 6 months of age (Oakley
et al., 2006; Ohno et al., 2006; Devi and Ohno, 2010; Jawhar et al.,
2012; Xiao et al., 2015). Furthermore, in 5XFAD mice, gliosis
also appears early in the brain and progresses with age due to
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FIGURE 7 | Depletion of OPC and mature oligodendrocyte numbers in 3- and 9-months-old in 5XFAD mice. (A) Double immunostaining for Olig2/CC1 in cortical
and thalamic areas of 5XFAD and WT mice. Yellow, green and red arrows depict Olig2+/CC1+ mature oligodendrocytes, Olig2−/CC1+ mature oligodendrocytes and
Olig2+/CC1− OPCs, respectively. (B) Mean numbers of OPCs in the cortex and thalamus (C). (D) Total mean numbers of mature oligodendrocytes (Olig2+/CC1+,
Olig2−/CC1+ cells) in the cortex and thalamus (E). The statistical analysis was performed by unpaired t-test [5XFAD mice/age (n = 6), WT mice/age (n = 6)]. Graphs
show the mean and error bars indicate the standard error of the mean (SEM). Significance is given as: *p = 0.0332. Scale bar = 50 µm.
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FIGURE 8 | Myelin disruption in the microenvironment of Aβ plaques in 9-months-old 5XFAD mice. Double immunofluorescence staining of corpus callosum (CC),
cortex and thalamus of 5XFAD and WT mice with Aβ and myelin marker PLP (myelin proteolipid protein). The myelin structure is disrupted in the area surrounding Aβ

plaques (white arrows) in the CC (A–D), cortex (F–I) and thalamus (K–N) in 5XFAD mice compared to myelin immunoreactivity in the respective areas in WT mice
(E,J,O) which appears normal. Magnification x20 in (A,F,K). Magnification x40 in (B–E,G–J,L–O). Scale bars = 100 µm.

the early and aggressive amyloid deposition, as we observed in
our experiments. We observed proliferation of reactive GFAP+
astrocytes and activated Iba1+ microglia from 3 to 9 months
of age, which is in parallel with the amyloid load profile in
each age. Reactive astrocytes and microglia surround Aβ plaques
inducing inflammation, in human and rodent brains with the
AD pathology (Nagy et al., 1996; Sturchler-Pierrat et al., 1997;
Oakley et al., 2006).

We demonstrate here that astrocytic Cxs (Cx43 and Cx30)
and especially Cx43, show increased immunoreactivity around
the perimeter of Aβ plaques in the cortex and thalamus of
older 5XFAD mice. This resonates to the fact that in older
mice, Aβ plaques are larger, the inflammatory response is higher
and generally the pathology is more severe. This finding is in
concordance with other studies, previously performed in post-
mortem human samples and mouse models of AD (Nagy et al.,
1996; Mei et al., 2010). Moreover, our immunoblot analysis
demonstrated that the total Cx43 protein levels increased at both
ages in 5XFAD mice compared to their controls. The increased
protein levels of Cx43 together with the immunostaining
results clearly confirmed the increased Cx43 expression at the
microenvironment of Aβ plaques in older ages, in association
with disease progression. Likewise, Cx30 was also increased

within the Aβ plaque microenvironment in older mice but
immunoblot results showed no difference in Cx30 protein
levels at both ages compared to their controls. This may be
related to the fact that Cx30 is the dominant Cx isoform and
more diffusely expressed in gray matter astrocytes (Griemsmann
et al., 2015). These results indicate that Cx43 is more strongly
associated with progression of AD than Cx30. Furthermore,
when Cx43 was analyzed at the transcriptional level, it was
surprisingly downregulated at all ages in 5XFAD mice, while
protein levels were increased as mentioned previously. This
might be due to transcriptional modifications that hinder
the transcription process. The downregulation of Cx43 gene
expression might be due to inflammatory mediators. It was
reported that the activation of the JNK pathway through TNF-α,
reduced Cx43 gene promoter activation (Yan et al., 2018). Also,
the presence of microglia and their interaction with astrocytes
in an inflammatory environment, like AD, could contribute
to the downregulation of Cx43 gene. Reduction of astrocytic
Cx43 mRNA levels occurred after treating astrocyte/microglia co-
cultures but not astrocyte-rich cultures, with interferon (IFN)γ
or IL-17, implying that microglia were responsible for this
reduction. The authors depicted an IFNγ-mediated microglial
release of IL-1β as the causal mechanism (Watanabe et al., 2016).
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Furthermore, JNK and NF-κB pathways were activated via IL-1β

in astrocytes (Wu et al., 2004), therefore the reduction in Cx43
mRNA could be caused through those pathways.

Moreover, due to the activation of astrocytes in a
neuroinflammatory environment, Cx43 might shift its expression
from GJs to HCs (Retamal et al., 2007; Kielian, 2008). The
combination of TNF-a and IL-1β in astrocyte cultures of mice,
caused the reduction of GJs and the upregulation of Cx43 HC
activity (Chen et al., 2014; Xu et al., 2019). Prolonged activation
of Cx43 HCs in the presence of Aβ plaques, was reported in
astrocytes of APP/PS1 mice and especially those near plaques (Yi
et al., 2016). Our results could indicate a pathological pathway in
the 5XFAD mouse model of AD, involving the opening of Cx43
HCs, but this requires further investigation. Activated microglia
can release pro-inflammatory cytokines, which increase
astrocytic Cx43 HC opening (Orellana et al., 2009). Increase
in [Ca2+]i could trigger the openings of Cx43 HCs, allowing
Ca2+ entrance, thus establishing the maintenance of upregulated
[Ca2+]i in astrocytes. Then, release of gliotransmitters occurs
via HCs leading to increased extracellular glutamate and ATP
(Orellana et al., 2011b). In the presence of Aβ, glutamate binds
to neuronal NMDA receptors and ATP to purinergic (P2X)
receptors, which generate the enhancement of intraneuronal
Ca+2, causing neuronal dysfunction and synaptic loss (Talantova
et al., 2013), neuritic alterations (Kuchibhotla et al., 2008),
and oxidative stress (Lin and Beal, 2006). ATP also stimulates
the activation of P2×7 receptors in astrocytes and microglia
triggering the release of IL-1β which is toxic to neurons (Pelegrin
and Surprenant, 2009). Finally, glutamate and ATP trigger the
opening of neuronal Panx1 HCs (Pelegrin and Surprenant,
2006), which allow further Ca2+ entry causing neuronal death
and activation of neurotoxic cascades (Orellana et al., 2011a).

Furthermore, we showed that Cx47 immunoreactivity was
reduced in mature oligodendrocytes in the presence of Aβ, while
Cx43 immunoreactivity was increased around Aβ plaques. We
also confirmed this finding by showing reduced colocalization
of Cx47 with Cx43 GJ plaques (Supplementary Figure 4). Such
findings were also observed in chronic MS lesions in both white
and gray matter. In particular, Cx43 GJ plaques showed increased
density but Cx47 GJ plaques were decreased in numbers, while
there was a decreased colocalization of Cx47 and Cx43 in the
MS normal appearing white matter and in periplaque areas
(Markoullis et al., 2012b, 2014). Loss of Cx47 is observed not only
in MS (Masaki et al., 2013) but also in other neuroinflammatory
disorders including Neuromyelitis optica and Balo’s disease, an
MS variant (Masaki et al., 2012) as a result of astrogliosis, which
compromises Cx47.

These findings indicate a possible mechanism for the
spreading of the demyelinating disease, which is the disruption
of the O/A GJs caused by impairment of the pan-glial GJ network
disturbing primarily the oligodendrocytes, which possibly occurs
in AD as well. These contrasting patterns of Cx47 and Cx43
were also observed in a chronic EAE mouse model of MS,
showing that astrocytes are the major determinants for spreading
GJ pathology (Markoullis et al., 2012a). Upregulation of Cx43
was also observed in other chronic stage EAE models (Roscoe
et al., 2007a,b), in a mouse model of Parnkinson’s disease

(Rufer et al., 1996) and in epilepsy in humans (Aronica et al.,
2001; Fonseca et al., 2002). Also, increased Cx43 and reduced
Cx47 immunoreactivity were observed at the progressive and
end stages of an amyotrophic lateral sclerosis mouse model (Cui
et al., 2014). We suggest that in the 5XFAD mouse model of
AD, the increase of Cx43 but not Cx47 immunoreactivity could
possibly indicate the presence of Cx43 in A/A and not in O/A
channels, leading to demyelination, just like in chronic EAE and
MS (Markoullis et al., 2012a).

The loss of A/O connectivity could also affect the survival
of mature oligodendrocytes in 5XFAD mice, which were found
to be depleted in our study. Loss of O/A GJs formed by Cx47
and Cx43, may reflect the dependency of Cx47 expression
on the presence of Cx43 on the cell membrane (May et al.,
2013). The loss of O/A GJs is predicted to negatively affect the
survival and function of oligodendrocytes. The significance
of O/A connections is highlighted by the fact that Cx43
mutations which dissociate A/O GJs, also induce demyelination
(Paznekas et al., 2003). Severe demyelination is also caused in
Cx43/Cx30 double KO mice which depict disruption of O/A
GJs (Lutz et al., 2009). AD models show different alterations
in myelination patterns and oligodendrocyte capacity, prior
to the appearance of Aβ plaques depending on the different
mutations they carry (Desai et al., 2009, 2010; Cai and Xiao,
2016). OPCs and oligodendrocytes are the most vulnerable
cells of the CNS due to the complexity of their differentiation
mechanism and their metabolic program (Papaneophytou
et al., 2019). Indeed, the loss of OPCs in 5XFAD mice indicates
that these cells become vulnerable in the disease course and
possibly cannot generate new populations of myelinating
oligodendrocytes to compensate for the depletion of mature
oligodendrocytes observed in this model. It is possible that
the repair of damaged OPCs could not be achieved, thus
mature oligodendrocytes could not be generated, causing
myelin breakdown (Roher et al., 2002; Sjöbeck et al., 2005).
Increased differentiation of OPCs into mature oligodendrocytes
was reported in the early stages of AD, as a compensatory
mechanism for myelin loss (Behrendt et al., 2013). However,
we did not observe this in 3-months-old 5XFAD mice. This
could possibly occur in an earlier stage, but this requires
further investigation. Also, the demyelination and remyelination
processes have not been studied extensively in the 5XFAD
model and thus require further thorough examination. Myelin
basic protein (MBP) was found to be significantly reduced in
1-month-old 5XFAD compared to WT mice, indicating myelin
loss as an early event (Wu et al., 2018). Also, 12-months-old
5XFAD mice exhibited disruption of myelin focally around
Aβ plaques on the edge of corpus callosum (Kaya et al., 2020).
We also observed myelin defects at the microenvironment
of Aβ plaques in 9-months-old 5XFAD mice, which explains
the decrease in the numbers of oligodendrocytes. Direct
Aβ toxic effects (Lee et al., 2004; Desai et al., 2010; Agosta
et al., 2014) and Aβ oligomer toxicity are mechanisms that
influence proliferation, survival, and function of OPCs and
oligodendrocytes, causing white matter degeneration and
impaired myelin maintenance and remyelination (Horiuchi
et al., 2012). Moreover, inflammatory signals exacerbate
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Aβ-induced demyelination and oligodendrocyte damage
(Jantaratnotai et al., 2003).

CONCLUSION

Our study reports the increased Cx43 immunoreactivity in the
immediate vicinity of Aβ plaques, for the first time in the 5XFAD
mouse model of AD. It also provides evidence of decreased Cx47
and Cx32 immunoreactivity suggesting a reduction in Cx43-
Cx47 GJs, indicating the loss of A/O coupling. The loss of
interaction between astrocytes and oligodendrocytes as well as Aβ

pathology could be factors that induce loss of OPCs and mature
oligodendrocytes with myelin defects as well in this model. The
disruption of glial syncytium and astrogliosis favors A/A coupling
and possibly the activation of Cx43 HCs, with detrimental effects
in neuronal survival. All these provide evidence that glial Cxs
might contribute to the progression of AD. These results warrant
further study of oligodendrocyte Cxs in AD pathophysiology
and progression.
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