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Amyloid-f3 regulates gap junction protein connexin 43
trafficking in cultured primary astrocytes
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Altered expression and function of astroglial gap junction
protein connexin 43 (Cx43) has increasingly been associated to
neurotoxicity in Alzheimer disease (AD). Although earlier stud-
ies have examined the effect of increased B-amyloid (AB) on
Cx43 expression and function leading to neuronal damage,
underlying mechanisms by which A modulates Cx43 in astro-
cytes remain elusive. Here, using mouse primary astrocyte cul-
tures, we have examined the cellular processes by which A can
alter Cx43 gap junctions. We show that Af,5 35 impairs func-
tional gap junction coupling yet increases hemichannel activity.
Interestingly, Af,5 35 increased the intracellular pool of Cx43
with a parallel decrease in gap junction assembly at the surface.
Intracellular Cx43 was found to be partly retained in the endo-
plasmic reticulum-associated cell compartments. However, for-
ward trafficking of the newly synthesized Cx43 that already
reached the Golgi was not affected in Af,5 35-exposed astro-
cytes. Supporting this, treatment with 4-phenylbutyrate, a well-
known chemical chaperone that improves trafficking of several
transmembrane proteins, restored AfB-induced impaired gap
junction coupling between astrocytes. We further show that
interruption of Cx43 endocytosis in A 3,5 35-exposed astrocytes
resulted in their retention at the cell surface in the form of
functional gap junctions indicating that AB,5 35 causes rapid
internalization of Cx43 gap junctions. Additionally, in silico
molecular docking suggests that Af3 can bind favorably to
Cx43. Our study thus provides novel insights into the cellular
mechanisms by which Af3 modulates Cx43 function in astro-
cytes, the basic understanding of which is vital for the devel-
opment of alternative therapeutic strategy targeting connexin
channels in AD.

Connexin 43 (Cx43) is a predominant gap junction protein
that underlies astroglial networks essential for maintaining
brain homeostasis (1-6). Gap junctions are arrays of a few
tens to thousands of cell-to-cell channels, termed as gap junc-
tion channels that allow direct intercellular exchange of small
molecules such as ions (Ca*? K", Na™), amino acids (gluta-
mate), second messengers (ATP, cAMP, and inositol 1,4,5-tri-
sphosphate) and metabolites (GSH, glucose) up to approxi-
mately 1 kDa in size (7, 8). A single gap junction channel
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comprises two opposing channels, called hemichannels or
connexons, formed by oligomerization of six connexin pro-
teins. Under normal conditions, hemichannels exhibit a low
probability of opening and have been proposed to mediate
physiologic release of gliotransmitters in the extracellular me-
dium (9, 10).

Accumulating evidence suggests that altered functioning of
gap junctions and hemichannels could be related to the onset
and progression of homeostatic imbalances observed in various
neurodegenerative diseases (11, 12). In fact, loss of astrocytic
gap junctions in mice has been shown to cause profound neuro-
logical phenotypes including widespread dysmyelination and
hippocampal CA1 vacuolation (13). In this context, several
recent studies have revealed an association between astroglial
connexins and the neurodegenerative phenotype observed in
Alzheimer’s disease (AD), the most prevalent cause of dementia
largely affecting the elderly population (14, 15). Accumulation
of B-amyloid (AB) peptides and reactive astrogliosis are among
the pathological features that characterize all AD brains with
A peptides widely believed to drive AD neuropathology (16,
17). Although AP neurotoxicity involves activation of N-
methyl-p-aspartate receptors, sustained elevations of Ca%t,
mitochondrial dysfunction, oxidative stress, and immune acti-
vation (18), complete understanding of the underlying mecha-
nisms associated with AD pathology remain elusive.

Interestingly, several recent studies indicate that astroglial
Cx43 channel functions, both gap junctions as well as hemi-
channels, are modified in AD. Studies in post-mortem human
AD brains and mouse models of AD have shown increased im-
munoreactivity of Cx43 around A plaques (19-21). In cul-
tured rat astrocytes, A 40 treatment was reported to impair
gap junction communication (22). However, the extent of gap
junction coupling in astrocytic networks in brain slices of AD
mouse models was found to be either maintained or reduced
depending on the brain area and age of the animal (21, 23).
Recently, it was shown that treatment with A,5 35 increased
Cx43 hemichannel activity in astrocytes releasing ATP and glu-
tamate subsequently leading to neuronal damage (24). Support-
ing this, inhibition of glial hemichannels prevented the inflam-
matory profile evoked by AP in astrocytes and reduced
neuronal damage in hippocampal slices exposed to AB as well
as in AD mouse model (25, 26). Furthermore, astroglial tar-
geted connexin 43 knockout in a mouse model of AD lessened
neuronal damages and improved cognitive function (21, 27).
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Altogether, these earlier studies suggest that A alters Cx43
function in astrocytes leading to neurotoxicity and that Cx43
could be a potential therapeutic target for AD. However, the
underlying mechanisms by which A modulates Cx43 function
in astrocytes remain largely unknown.

In the present study, we have examined the cellular mecha-
nisms by which Af5s5_35, the shortest neurotoxic peptide form
of A3 (28), can modulate Cx43 channels in mouse primary cul-
tured astrocytes. Af3y5.35 previously considered to be a mere
synthetic peptide, is physiologically produced and present in se-
nile plaques and degenerating hippocampal neurons in AD
brains (29). Numerous studies performed in vitro as well as in
vivo using intra-cerebroventricular injection of AB,s5.35 in ex-
perimental rats and mice showed that this peptide can recapit-
ulate many of the neuropathological changes related to AD
establishing AB,5_35 to be a convenient model to evaluate the
potential toxicity involved in AD (30). We show that AB,5.35
impairs functional gap junction coupling but increases hemi-
channel activity in mouse primary astrocytes. Interestingly,
ABys5.35 treatment increased intracellular Cx43 expression that
was partly retained in the endoplasmic reticulum (ER) and ER
Golgi intermediate compartments (ERGIC). Furthermore, we
show that AB,s5.35 increased internalization of Cx43 from the
cell surface inhibiting functional gap junction intercellular
communication between astrocytes. Taken together, our find-
ings reveal that A affects intracellular trafficking of Cx43
impacting the formation and maintenance of gap junction
channels at the cell surface.

Results

AR differentially regulates functional gap junction and
hemichannel activity in mouse primary astrocytes

To determine the effect of A on gap junctions, mouse pri-
mary astrocytes were treated with 10 uM A ,5_35 for 24, 48, and
72 h and functional gap junction communication was evaluated
by scrape loading and dye transfer assay with a gap junction
permeable Lucifer yellow dye (Fig. 1, A-E). Control astrocytes
showed significant dye spread from the scrape loading line (Fig.
1A) and reached 328.6 = 19.38 um after 8 min (Fig. 1E). By con-
trast, ABys 35-treated astrocytes showed a significant reduction
in dye transfer in a time-dependent manner (Fig. 1, B-D) with a
mean dye travel distance of 66.71 = 6.87 uMm following 72 h ex-
posure to 10 uM Afss.35 (Fig. 1E). We next evaluated hemi-
channel activity in control and Af3,5_35-treated mouse primary
astrocytes cultures using EtBr (5 um) uptake assay where EtBr
fluorescent signal in the nucleus of GFAP-labeled astrocytes
was taken as an index of dye uptake (Fig. 1, F and G). Although
the control astrocytes showed only a faint intensity of EtBr sig-
nal, mouse primary astrocytes treated with 10 um Af,5.35 for
72 h presented significantly higher intensity of EtBr labeling. In
parallel cultures, primary astrocytes treated with the reverse
sequence of ABys 35, AB3s5.25 did not induce such effects (Fig.
S1). Thus, our results suggest that AB,5 35 significantly impairs
functional gap junction communication while increasing hemi-
channel activity in mouse primary astrocyte cultures.
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AP increases intracellular Cx43 expression without altering
its steady-state levels in mouse astrocytes

To determine whether the altered functioning of gap junc-
tions and hemichannels was because of a change in steady-state
Cx43 levels, we examined Cx43 mRNA and total protein levels.
Our quantitative PCR analysis showed no significant alterations
in Cx43 mRNA levels in mouse primary astrocytes treated with
10 uM ABys5._35 for 24, 48, and 72 h compared with control astro-
cytes (Fig. 2A). Consistent with the mRNA levels, Cx43 total
protein expression also did not reveal any significant alterations
in mouse astrocyte cultures subjected to 10 uM A 3,535 for 24,
48, and 72 h compared with control astrocytes (Fig. 2B). Anti-
body directed against Cx43 detected three bands at around 43
kDa, representing a faster migrating nonphosphorylated form
(PO) and two slower migrating phosphorylated forms (P1, P2)
(31). No significant difference was noted in the steady-state lev-
els of the phospho-bands in Af,s_35-treated versus control
astrocytes. Thus, Cx43 steady-state levels were not found to
be significantly altered in mouse primary astrocyte cultures
treated with ABys5.35. To examine if the observed changes in
functional gap junction communication and hemichannel ac-
tivity was because of changes in cellular distribution of Cx43,
we determined the cellular expression pattern of Cx43 by
immnolabeling studies (Fig. 2, C and D). Although control
astrocytes showed mostly an organized distribution with lined
up Cx43 puncta typically representing the cell-cell junctions
(Fig. 2C), mouse astrocytes treated with 10 um AB,5 35 for 72 h
showed Cx43 labeling scattered throughout the cell cytoplasm
(Fig. 2D). Interestingly, in many places Cx43 labeling was also
found to be accumulated near the perinuclear region suggesting
an increase in intracellular Cx43 levels (Fig. 2D, arrowheads).
Additionally, astrocytes showed heterogeneous Cx43 labeling
with punctate structures of varied sizes. Although larger puncta
might correspond to gap junction plaques at the cell—cell inter-
face, smaller puncta might represent intracellular Cx43 to be
sorted to the plasma membrane or small junctions internalized
and targeted for degradation. The quantification of Cx43 punc-
tate areas revealed significant difference between control and
ABss5.35-treated astrocytes with A5 35-treated cultures show-
ing a lower frequency of large Cx43 puncta >1 um? in size (Fig.
2F).

Effect of AB on Cx43 gap junction assembly in mouse primary
astrocytes

It is well-established that gap junction plaques are resistant
to 1% Triton X-100 at 4°C, whereas monomers and lower
oligomers of Cx43 are mostly solubilized under such conditions
(32, 33). To understand Cx43 assembly into gap junctions,
membrane-enriched fractions from control and Afss.35-
treated mouse astrocytes were subjected to 1% Triton X-100 at
4°C in a detergent solubility assay, separated into Triton X-
100-soluble and —insoluble fractions and analyzed by immuno-
blotting for Cx43 antibody (Fig. 34). Our results show that
Cx43 levels are decreased in the Triton X-100—-insoluble frac-
tions with a concomitant increase in Triton X-100-soluble
fractions of AP, 3s5-treated cultures compared with control
astrocytes consistent with reduced functional gap junction
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Figure 1. AB,s.35 differentially regulates functional gap junction coupling and hemichannel activity in mouse primary astrocytes. A-D, represen-
tative photomicrographs showing the Lucifer yellow dye spread from the scrape loading line (arrow, A) in mouse primary astrocyte cultures under control
conditions (A) or treated with 10 uM AB;s.35 for 24 (B), 48 (C), and 72 h (D). Note the decrease in dye travel distance in AB,s_3s-treated astrocytes with the
increasing time compared with control astrocytes. E, scatter plot depicting a significant decrease in Lucifer yellow dye spread representing impaired
functional gap junction coupling between mouse primary astrocytes upon treatment with 10 um AB,s.35 in a time-dependent manner compared with
control astrocytes. F, representative images illustrating EtBr dye uptake (red nucleus staining) in control versus AB,s_3s-treated (10 um, 72 h) astrocytes.
Although the control cultures show only a low basal EtBr uptake, AB,s_3s-treated cultures show increased EtBr signal in the nuclei of GFAP-positive astro-
cytes. G, scatter plot depicting the relative fluorescence intensities of the nuclei in control versus AB,s_3s-treated astrocytes (10 um, 72 h) following 10
min exposure to EtBr. Error bars denote the mean = S.D. of five to 10 fields each from three independent experiments. **, p < 0.01 and ***, p < 0.0001

compared with control.

communication in A5 3s-treated astrocytes (Fig. 3A4). Fur-
thermore, upon i situ Triton X-100 extractions, control astro-
cytes retained Cx43 puncta mostly at the cell-cell junctions,
representing gap junctions (Fig. 3B, arrowheads). Interestingly,
in situ Triton X-100 extraction in Af,s5 35-treated astrocytes
confirmed that the majority of the Triton X-100—insoluble
Cx43 puncta corresponded to the intracellular pool (Fig. 3C,
arrows), with occasional plasma membrane labeling (Fig. 3C).
Thus, our results indicate that mouse primary astrocytes
exposed to 10 uM AB,5_35 for 72 h exhibit reduced gap junction
labeling with a concomitant increase in intracellular Cx43
localization that may correspond to either internalized gap
junctions or small aggregates of Cx43 that fail to traffic to the
plasma membrane.

AP treatment causes Cx43 retention in ER/ERGIC of mouse
primary astrocytes

To further understand where the intracellular Cx43 pool
may be localized in AB-treated astrocytes, we performed dou-
ble immunolabeling with anti-Cx43 and well established
markers of the ER (calnexin; Fig. 4, A—I) or ER Golgi interme-
diate compartments (ERGIC, B-COP; Fig. 5, A-I) followed by
confocal microscopy. Consistent with our previous findings,
control astrocytes showed distinct organization of Cx43
puncta mostly away from the nucleus (Figs. 4, A—C and 5, A—
C, small arrows) without much co-localization with either
calnexin (Fig. 4, A-C) or B-COP (Fig. 5, A—C). In contrast,
mouse primary astrocytes subjected to 10 um AB5.35 for 72 h
showed a reticular staining pattern in the perinuclear region
that co-localized mostly with calnexin (Fig. 4, D—F, arrow-
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heads) and also with B-COP (Fig. 5, D-F, arrowheads). The
number of points showing colocalization of Cx43 puncta with
either calnexin (Fig. 4, G-I) or B-COP (Fig. 5, G-I) was found
to be significantly higher in AB-treated astrocytes compared
with control cultures. Thus, our results show that a portion of
the intracellular Cx43 was retained in the ER/ERGIC in
mouse primary astrocytes exposed to 10 uM AB,5 35 for 72 h
compared with control astrocytes.

4-Phenylbutyrate restores functional gap junction
communication in AB-treated mouse primary astrocytes

Given that AB,s5.35 treatment increased localization of Cx43
in the ER/ERGIC cellular compartments, we reasoned that A3
might impair proper folding and oligomerization of Cx43,
which is a pre-requisite for trafficking of Cx43 to the cell sur-
face. In this context, 4-phenylbutyrate (4-PBA), a well-known
histone deacetylase inhibitor, has been reported to restore
proper trafficking of several mutant and misfolded transmem-
brane proteins including connexins to the cell surface (34-36).
Hence, we subjected control and A 3,5 35-treated (10 um, 72 h)
mouse astrocyte cultures to 5 mm 4-PBA for 24 h. Our immu-
nolabeling studies with anti-Cx43 antibody (Fig. 6, A-D)
showed a more organized distribution of Cx43 as short lines
of Cx43 puncta typically representing gap junctions following
4-PBA treatment in AB,5 35-treated astrocytes (Fig. 6D). Astro-
cytes exposed to Af,s5.35 alone exhibited Cx43 labeling scat-
tered throughout the cytoplasm as shown earlier (Fig. 6C). Sup-
porting this, Lucifer yellow dye transfer assays, clearly showed
that 4-PBA restored functional gap junction communication in
A5 35-treated astrocyte cultures similar to control astrocytes
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Figure 2. AB.s.35 treatment increases intracellular Cx43 levels without affecting Cx43 steady state levels. A, scatter plot showing no significant differ-
ence in fold-change of Cx43 mRNA levels in mouse primary astrocytes treated with 10 um AB;s 35 for 24, 48 and 72 h compared with control astrocytes. Values
represent mean = S.D. from four independent experiments. B, representative immunoblot and scatter plot showing Cx43 protein levels in control versus ABys.3s
treated (10 um) astrocytes for the mentioned time points. Cx43 phosphorylated (P17, P2) and nonphosphorylated (P0) forms are indicated on the right of the repre-
sentative image of the blot probed with anti-Cx43 antibody. Total levels of Cx43 are normalized to B-actin levels detected in each lane. Values represent mean *+
S.D. from six independent experiments. C and D, representative immunofluorescence images of mouse primary astrocytes under control conditions (C) and
cultures subjected to 72 h treatment with 10 um AB,s 35 (D) immunostained for Cx43 (red) and DAPI (blue). In control cultures, gap junctions typically appeared as
puncta organized in short lines located at cell-cell junctions (arrows, C). In contrast, AB,s.3s-treated astrocytes showed an obvious increase in intracellular Cx43
puncta scattered throughout the cytoplasm (arrowheads, D). E, scatter plot showing quantification of punctate areas in Af3,s 3s-treated astrocytes versus control
cultures. Five to 10 fields were analyzed for each group from three independent cultures. Error bars denote mean = S.D. with ***, p = 0.0001.
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Figure 3. Effect of Af,5.35 on gap junction assembly of Cx43 in mouse astrocytes. A, representative immunoblot and scatter plot of membrane enriched
fractions from control and ABys.35 (10 uM, 72 h)-treated mouse primary astrocyte cultures subjected to Triton X-100 solubility assay and immunoblotted with
anti-Cx43 antibody. AB;s.3s-treated astrocytes show a significant reduction in Triton X-100-insoluble/soluble fraction ratio compared with control astrocytes
suggesting a decrease in gap junction assembly. Error bars represent mean = S.D. from four independent experiments with *, p < 0.05. B and C, representative
immunofluorescence images of control (B) and AB,s.35 (10 um, 72 h) treated (C) mouse primary astrocytes subjected to a in situ Triton X-100 solubility assay
and immunolabelled for Cx43 (red) and DAPI (blue). Note that most of the punctate labeling at the cell-cell junctions representing the gap junctions are
retained after Triton X-100 extraction in control astrocytes (B, arrowheads and inset). In the AB,s 3s-treated astrocytes, the intracellular Cx43 pool shows insolu-

bility following Triton X-100 extraction in situ (C, arrows and inset).

(Fig. 6, E-I). Thus, our results indicate that 4-PBA restores A does not affect cell surface trafficking of the newly
Cx43 expression at the cell surface typically in gap junctions synthesized Cx43 reaching the Golgi complex

with a parallel increase in functional gap junction coupling in Impaired gap junction communication could be either due
AB-treated astrocytes. to delay in trafficking of newly synthesized Cx43 to the plasma
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Figure 4. AP,s_35 increases Cx43 localization in the endoplasmic reticulum. A-f, representative confocal images of mouse primary astrocytes under con-
trol condition (A-C) or subjected to 72 h treatment with 10 um AB;s.35 (D-F) double immunolabeled for anti-Cx43 (green) and ER marker anti-calnexin (red) anti-
bodies. Control astrocytes show distinct punctate labeling not localized in the ER (arrows, A and C). Note the increased colocalization of Cx43 puncta with
calnexin (arrowheads, D and F) in AB;s_3s-treated astrocytes compared with control astrocytes. G-/, colocalization points between Cx43 and calnexin (G and H)
and the degree of colocalization analysis (/) show a significant increase in Cx43 colocalization with calnexin in mouse astrocytes exposed to 10 um AR5 35 for 72
h compared with control. Five to 10 fields were analyzed for each group from two independent experiments. Data represent mean =+ S.D. with ***, p < 0.0001.

membrane or increased internalization of the Cx43 gap junc-
tions from the cell surface. To understand if the forward traf-
ficking of the newly synthesized Cx43 channels from the Golgi
to the plasma membrane could be affected by A, we subjected
control and Af3,5.35-treated astrocytes to a brefaldin A (BFA)
forward trafficking assay. Treatment with BFA induces a fast
reversible inhibition of COPI-mediated transport from the ER
to the Golgi (37). Control and Ap-treated astrocytes were
treated with 5 ug/ml of BFA for 8 h, and spatial distribution of
Cx43 was analyzed by immunofluorescent labeling of Cx43
(Fig. 7, A—F). When control astrocytes were treated with BFA
for 8 h, pre-existing gap junction plaques were not identifiable
at the cell surface (Fig. 7A). Most of the Cx43 labeling was
found accumulated in the perinuclear region both in control
and Af,s 3s-treated astrocyte cultures upon BFA treatment
(Fig. 7, A and D). As expected, upon removal of BFA, transport
of newly synthesized Cx43 was restored in control astrocyte
cultures (Fig. 7, B and C). One hour after BFA removal, control
astrocyte cultures still showed a lot of Cx43 labeling scattered
throughout the cytoplasm and in the perinuclear region (Fig.
7B). Three hours post BFA removal, control astrocytes started
showing Cx43 puncta organized into short lines typical of gap

SASBMB

junctions indicating trafficking to the cell surface (Fig. 7C).
Similarly, in AB,s5.35-treated astrocyte cultures, 3 h after BFA
removal Cx43 immunolabeling exhibited distinct punctate
labeling away from the nucleus. These results indicated that
further trafficking to the cell surface of the newly synthesized
Cx43 that could reach the Golgi complex might not be affected

by AR (Fig. 7F).

AP increases internalization of Cx43 gap junctions from the
cell surface

The short ¢/, of Cx43 makes functional gap junction com-
munication between the coupled cells a highly dynamic pro-
cess. The balance between the synthesis and degradation rate
of Cx43 is an important way to control the level of functional
gap junctions present at the cell surface. Cx43 internalization
has been reported to be dependent on the dynamin GTPase activ-
ity (38, 39), which can be specifically blocked by the noncompeti-
tive endocytosis inhibitor, Dynasore. First, to determine whether
functional gap junction communication can be improved in Af3-
treated mouse astrocyte cultures by blocking endocytosis, we
treated control and Af,s 35-treated cultures with Dynasore
for 3 h (Fig. 8, A-E). Control cultures did not show any
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Figure 5. ABs.35 increases Cx43 localization in the endoplasmic reticulum Golgi intermediate compartment. A-F, representative confocal microscope
images of mouse primary astrocytes under control conditions (A-C) or subjected to 72 h treatment with 10 um AB;s 35 (D—F) double immunolabeled for anti-
Cx43 (green) and ERGIC marker anti-B-COP (red) antibodies. Control astrocytes show distinct punctate labeling not localized in the ERGIC (arrows, A and C).
AB,s.3s-treated astrocytes show increased co-localization of Cx43 puncta with B-COP (arrowheads, D and F) compared with control astrocytes. G-I, colocaliza-
tion points between Cx43 and 3-COP (G and H) and the degree of colocalization analysis (/) show a significant increase in Cx43 colocalization with 3-COP in
mouse astrocytes exposed to 10 um AB,s_35 for 72 h compared with control. Five to 10 fields were analyzed for each group from two independent experi-

ments. Data represent mean * S.D. with ***, p < 0.0001.

significant alterations in Lucifer yellow dye transfer mediated
through the gap junctions following Dynasore treatment.
Interestingly, Dynasore intervention in A5 35-treated astro-
cytes demonstrated a marked improvement in Lucifer yellow
dye transfer from the scrape loading line indicating that A3
causes faster internalization of Cx43 from the cell surface
(Fig. 8, A-E). Supporting this, our immunofluorescent label-
ing studies with anti-Cx43 antibody (Fig. 8, F-I) showed the
presence of lined up Cx43 puncta typically representing the
gap junctions in A5 35-treated astrocytes in the presence of
Dynasore (Fig. 81). AB,5_35-treated astrocytes in the absence
of Dynasore exhibited Cx43 immunostaining scattered through-
out the cell cytoplasm as shown earlier (Fig. 8H). Moreover, the
cytoplasmic pool of Cx43 appeared to be less in A 3,5 35-treated
astrocytes exposed to Dynasore (Fig. 8/) compared with cultures
without Dynasore (Fig. 8, H and I) confirming those to be inter-
nalized gap junctions.

To further determine whether the impaired gap junction
communication in Af-treated astrocytes was because of the
increased internalization rate of Cx43 rather than failed deliv-
ery to the plasma membrane, we first subjected the control and

15102 J Biol. Chem. (2020) 295(44) 15097-15111

ABys_35-treated astrocytes to BFA forward trafficking assay fol-
lowed by Dynasore intervention during the 3-h BFA washout
(Fig. 9). As expected, in the control astrocyte cultures functional
gap junction communication was re-established upon restoring
the secretory pathway with BFA washout for 3 h (Fig. 9, A-E).
The presence of Dynasore in the culture medium during the 3-h
BFA washout showed an additional increasing trend without
reaching statistical significance in the dye travel distance com-
pared with the BFA washout only cultures without Dynasore
intervention. In contrast, the presence of Dynasore in the cell
culture medium during the 3-h BFA washout in the AfB;s5.35-
treated astrocytes significantly improved dye transfer mediated
through the functional Cx43 gap junctions (Fig. 9, F-J). Taken
together, these data suggest that AB increases endocytosis of
Cx43 gap junctions thereby impairing functional gap junction
communication between the mouse primary cultured astrocytes.

AP shows preferential binding affinity for Cx43

To further understand the mechanism by which A modifies
Cx43 gap junctions in astrocytes we used molecular docking

SASBMB
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Figure 6. 4-Phenylbutyrate restores functional gap junction coupling in AB-treated astrocytes. A-D, representative immunofluorescence images depict-
ing cellular distribution of Cx43 in mouse primary astrocytes under control conditions (A), 24 h treatment with 5 mm 4-PBA alone (B), 72 h treatment with 10
M ABys_35 alone (), or 10 uM ABs.35 (72 h) in combination with 4-PBA (5 mm, 24 h; D). Note the Cx43 labeling as short lines of puncta (arrows) typically repre-
senting gap junctions in AB,s_3s-treated astrocyte cultures exposed to 4-PBA (D) similar to control (A) and 4-PBA treatment alone (B). Astrocytes exposed to
ABys.35 only, exhibit Cx43 labeling scattered throughout the cytoplasm (C). E-H, representative fluorescence micrographs of scrape loading and dye transfer
assays with Lucifer yellow dye by astrocytes under control conditions (E), 24 h treatment with 5 mm 4-PBA alone (F), 72 h treatment with 10 um AB;s 35 alone
(G), or treatment with 10 um ABys.35 (72 h) in combination with 4-PBA (5 mm, 24 h; H). |, scatter plot depicting quantitation of scrape loading dye transfer assay
showing a significant increase in dye transfer distance from the scrape loading line (dashed line) in AB,s_3s-treated cultures subjected to 4-PBA compared with
those exposed to AB,s_35 alone. 4-PBA alone did not show any significant difference compared with control cultures whereas astrocytes exposed to AB;s 35

only showed a significant reduction in dye transfer compared with control condition. Error bars denote mean = S.D. of values from five to 10 fields each of
four independent experiments with ***, p < 0.0001.
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Figure 7. Effect of AB,s5.35 on forward trafficking of Cx43 from Golgi to the cell surface. A-F, representative immunofluorescence images from three in-
dependent experiments of control (A-C) and ApB,s_3s-treated (D-F) mouse primary astrocytes exposed to 5 ug/ml of BFA for 8 h. Cells were fixed after BFA
washout periods of 0, 1, or 3 h and immunostained for Cx43. Note that Cx43 immunostaining typically representing gap junction plaques were not identifiable
in control astrocytes when treated with BFA for 8 h (A). Instead, Cx43 was found to be mostly distributed in a reticular like fashion in the perinuclear region
(arrowheads, A) along with few puncta scattered in the cell cytoplasm. Three hours after BFA removal (3h washout, C) reticular staining pattern was much
reduced and majority of Cx43 puncta were found to be organized into gap junctions at the cell-cell interface (arrows, C). Similarly, AB,s_35-treated astrocytes
following 8 h of BFA exposure showed a diffused Cx43 immunostaining mostly in the perinuclear region (arrowheads, D). Note the Cx43 labeling in newly
organized gap junctions in AB,s_3s-treated astrocytes 3 h after BFA removal (arrows, F).

along with molecular dynamics simulation to reveal any possi- A4, and AfB5s5.35 peptides have a high enthalpic preference
ble interaction between Cx43 and full-length AB; 4, or the for the Cx43 C-terminal tail region. The final conformations
ABys_35 fragment (Fig. 10, A-D). Our results suggest that both  from both simulations (i.e Cx43 bound to either AB; 4
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Figure 8. A,s_3s increases endocytosis of Cx43 gap junctions impairing functional gap junction coupling. A-D, representative fluorescence micro-
graphs of scrape loading and dye transfer assays with Lucifer yellow dye by astrocytes under control conditions (A), 3 h treatment with 80 um Dynasore (Dyna)
only (B), 72 h treatment with 10 um AB;s.35 alone (C), or 72 h treatment with 10 um AB;s.35 in combination with Dynasore (80 um, 3 h; D). E, scatter plot depict-
ing quantitation of scrape loading dye transfer assay showing a significant increase in dye transfer distance from the scrape loading line in AB;s.3s-treated cul-
tures subjected to Dynasore compared with those exposed to AB,5 35 alone. Dynasore alone did not show any significant difference compared with control
cultures, whereas astrocytes exposed to Af3;s35 only showed a significant reduction in dye transfer compared with control condition. Error bars denote mean
+ S.D. of values from four to eight fields each of three independent experiments with ***, p < 0.0001. F-/, representative immunofluorescence images depict-
ing cellular distribution of Cx43 in mouse primary astrocytes under control conditions (F), 3 h treatment with 80 um Dynasore (Dyna) only (G), 72 h treatment
with 10 um AB;s 35 alone (H), or 72 h treatment with 10 um AB,s5.35 in combination with Dynasore (80 wm, 3 h; /). Note the Cx43 labeling as short lines of puncta
(arrows) typically representing gap junctions in Af3,s.3s-treated cultures exposed to Dynasore (/) similar to control (F) and only Dynasore-treated (G) astrocyte
cultures. Astrocytes exposed to AB,s_35 only exhibit Cx43 labeling scattered throughout the cytoplasm (H).
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Figure 9. Inhibition of endocytosis during BFA forward trafficking assay recovers gap junction coupling in AP,s_3s-treated astrocytes similar to con-
trol astrocytes. A-J, representative fluorescence micrographs and scatter plots of scrape loading and dye transfer assays with Lucifer yellow dye in control
(A-E) and AB;s.3s-treated (10 um, 72 h) astrocytes (F-J) subjected to BFA forward trafficking assay in the presence or absence of 80 um Dynasore (Dyna). Gap
junction dye transfer is significantly reduced in control astrocytes with BFA (5 wg/ml, 8 h) compared with cultures without BFA treatment (A versus B and E).
Note that functional gap junction communication is re-established in control astrocytes upon restoring the secretory pathway with a 3-h washout (wo) of BFA
(BFA 3h-wo; C and E). The presence of Dynasore in the culture medium of control astrocytes during the BFA 3-h washout showed an increasing trend in the
dye travel distance compared with the 3-h BFA washout in the absence of Dynasore (C versus D and E) and reached similar levels as in parallel cultures without
BFA (A). AB,s.3s-treated astrocytes without BFA (F) showed reduced gap junction dye transfer compared with control astrocytes under similar conditions (A).
Exposure to BFA further reduced gap junction dye transfer in AB;s 3s-treated astrocytes (G and J). BFA 3-h washout in AB,s_3s-treated astrocytes (H) showed a
significant increase in dye transfer compared with BFA treatment (G and J) but not with respect to AB3,s.35 treatment alone (F and J). BFA 3-h washout in the
presence of Dynasore significantly improved dye transfer in the AB-treated astrocytes (I and J). Error bars represent mean = S.D. of values from six to 12 fields
each from three independent experiments. @, p < 0.05; @@, p < 0.01; @@@, p < 0.0001 compared with respective cultures without BFA (—BFA); **, p < 0.01;
*** p < 0.0001 compared with cultures with BFA for 8 h (BFA-0h wo); ¢, p < 0.0001 compared with BFA 3h-wo without Dynasore (BFA-3h wo, -Dyna).
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Figure 10. Molecular docking and simulations of monomeric Ap with Cx43. A, homology modeled structure of mouse Cx43 with the lowest DOPE score.
The protein is shown as a cartoon with the C terminus highlighted in green. B and C, the final conformations of Cx43 bound to AB;.4, monomer (red, B), and
ABys.35 monomer (red, ). D, distribution of interaction energy between Cx43 and either AB3;_4, monomer or AfB3,s.35 monomer calculated from the last 50 ns

data (energy in kcal/mol).

monomer or Af,s5 35 monomer) are shown in Fig. 10, B and C.
We also compared the interaction energy distributions of the
last 50 ns of simulation data (Fig. 10D). Within the simulated
time scales, both A conformations bind favorably to Cx43, the
binding free energies corresponding to AP;.4 and APs3s
being —519.5 (=199.8) and —267.8 (+113.8) kcal/mol, respec-
tively. Although these binding strengths indicate a very high af-
finity, a combination of enhanced sampling protocols and
improved structural models may yield greater structural speci-
ficity along with further mechanistic details.

Discussion

In this study we investigated the underlying cellular mecha-
nisms by which AB re-models the predominant astroglial gap
junction protein Cx43 function in mouse primary cultured
astrocytes. Our results indicate that exposure to 10 uM A5 35
for 72 h functionally uncoupled gap junction and hemichannel
activity without altering Cx43 steady-state levels. Interestingly,
ABos.35 treatment caused an increase in intracellular Cx43

SASBMB

expression with a concomitant decrease in gap junction label-
ing. A major portion of this intracellular Cx43 expression was
found to be resistant to Triton X-100 extraction indicating the
presence of Cx43 aggregates and/or internalized gap junctions
in line with reduced gap junctional coupling. Additionally, we
found that a pool of the cytoplasmic Cx43 expression localized
to the ER/ERGIC compartments. Supporting this treatment
with 4-PBA, which is known to improve surface trafficking of
several transmembrane proteins, restored Cx43 expression in
gap junction plaques and functional gap junctional coupling in
mouse primary astrocytes exposed to A5 35. Our data provide
further evidence that the reduction in gap junction communi-
cation in Af,53s-treated astrocytes was also caused by
increased internalization of Cx43 from the cell surface via
endocytosis and not due to the impaired delivery of Cx43 from
the Golgi to the cell surface. Furthermore, using molecular
dynamic simulations we showed that AB might bind Cx43,
thus mediating the observed effects. Thus, this study provides
new insights into the cellular mechanisms underlying altered
Cx43 function in astrocytes exposed to A3 peptides.
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Earlier studies have suggested that both reactive astrogliosis
and increase in A levels, the two key neuropathological fea-
tures that characterize all AD brains, are associated with altered
astrocytic connexin channel functions subsequently leading to
neuronal damage (21-24, 27). Accumulating evidence indicates
that gap junctions and hemichannels are oppositely regulated
in several neuropathological conditions (40). In line with this
inverse correlation, we observed that AB,535 significantly
reduced astrocyte—astrocyte gap junction communication as
examined by intercellular Lucifer yellow dye transfer and
increased hemichannel activity measured by ethidium bromide
dye uptake. Cx43 mRNA and total protein levels including the
pattern of immunoreactive bands did not show any significant
difference between Af,5_35-treated and control astrocyte cul-
tures. Thus, the modulations in dye transfer and dye uptake
induced by AB,5.35 were not due to changes in Cx43 levels or
its altered phosphorylation state detectable by shifts in Cx43
electrophoretic mobility. Interestingly, our immunolabeling
studies showed a clear distinction in the Cx43 cellular distribu-
tion in Af,5_35-treated mouse astrocytes compared with con-
trol cultures. Although we showed that the expression pattern
of Cx43 puncta characteristic of gap junction plaques appeared
to be reduced in AP,s5 35-treated astrocytes, a simultaneous
increase in the intracellular Cx43 labeling explained the
reduced astroglial gap junction coupling. Moreover, many of
these Cx43 puncta were found to be resistant to Triton X-100
extraction at 4°C, suggesting intracellular Cx43 aggregates
and/or internalized gap junctions that do not contribute to
functional gap junction coupling.

The life cycle of Cx43 involves post-translational insertion of
Cx43 monomers into the ER membrane followed by their oligo-
merization into hexameric hemichannels or connexons in the
Golgi. Preassembled hemichannels are translocated to the cell
surface, which then dock with connexons from an apposing cell
and undergo channel clustering to form morphologically iden-
tifiable gap junction plaques (41). Cx43 is unique in that it does
not oligomerize in the ER unlike most multimeric membrane
proteins. Instead, it exists as monomers in the ER membrane
where Cx43 is stabilized by at least one or more protein chaper-
ones that prevent its premature oligomerization in the ER (36,
42). Premature oligomerization in the ER can cause Cx43
aggregation leading toward its degradation by the proteasomal
pathway thereby causing reduced gap junction coupling. Our
immunolabeling studies showed an increased co-localization of
Cx43 with the ER marker calnexin and ERGIC marker 3-COP
in AB,5_35-treated astrocytes compared with control astrocytes
pointing toward a reduced ER function in proper trafficking of
Cx43 along the secretory pathway. Supporting this, our results
indicate that treatment with 4-PBA can play an important role
in improving gap junction coupling in AB,s 35-treated astro-
cytes. 4-PBA, a well-established histone deacetylase inhibitor,
improves the trafficking of several transmembrane proteins,
including Cx43, an effect that is mediated through the modula-
tion of ER-associated chaperones like ERp29 (34-36). Thus, it
is possible that 4-PBA alters expression of one or more proteins
of the Cx43 quality control pathway that regulates proper fold-
ing and trafficking of Cx43 to the cell surface, thereby restoring
the impaired gap junction communication between astrocytes
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following AB,s5._35 treatment. Interestingly, several recent stud-
ies have reported that administration of 4-PBA in established
mouse models of AD exerted neuroprotective effects and
reversed AD-associated phenotypes including cognitive deficits
(43-45). Thus, 4-PBA, a drug already approved for clinical use
in treating urea cycle disorders (46) has been proposed to pro-
vide a novel approach for the treatment of AD. However, the
underlying molecular mechanisms by which 4-PBA offers neu-
roprotection in AD is not fully understood and needs further
investigation.

Depending on the cell type studied, Cx43 has a very short £;»
ranging from 1.5 to 5 h (47-49). This makes gap junctions
highly dynamic plasma membrane domains with fast turnover
rates. Thus the amount of gap junctions and hemichannels
present on the cell surface is largely determined by a balance
between the formation and removal of such channels from the
plasma membrane. Removal of gap junctions from the plasma
membrane involves internalization of the entire junctional
complex in the form of double membrane annular junctions
that are targeted to lysosomes for degradation (50—53). Among
the many processes involved in the removal of gap junctions,
the clathrin machinery has been reported to play a major role
in gap junction internalization. Notably, clathrin has been
detected on Cx43 GJs by immunofluorescence and silencing of
clathrin and the adaptor proteins, AP-2 and Dab2, or the
GTPase dynamin caused cells to harbor fewer annular gap
junctions (38, 39). Interestingly, our results using a dynamin
blocker, Dynasore, clearly showed that gap junction communi-
cation between the astrocytes measured by Lucifer yellow dye
transfer was significantly restored in cultures exposed to AB5s 3s.
Supporting this, Cx43 immunolabeling showed elevated gap
junction labeling in A 3,5 35-treated astrocytes in the presence
of Dynasore compared with those without Dynasore interven-
tion. This is further in line with our observations from in situ
Triton X-100 solubility assays, showing Triton X-100 resistant
Cx43 cytoplasmic labeling in AB,5 35-treated astrocytes, indi-
cating that these could be internalized Cx43 gap junctions. In
addition, we have used BFA to separate the processes of forma-
tion and removal of gap junctions from the cell surface. Our
results using dye transfer and immunolabeling studies showed
that delivery of newly synthesized Cx43 from the Golgi to the
cell surface was not affected in the presence of AB,5 35. Thus,
our findings clearly indicate that A3,5_35 increases endocytosis
of Cx43 gap junctions from the cell surface, thereby reducing
functional gap junction coupling between the astrocytes. Addi-
tionally, our molecular dynamics simulation studies suggest
that both AB;_4» and AB55 35 monomers have a high enthalpic
preference for the C-terminal tail region of Cx43. This is par-
ticularly interesting given that the C-terminal tail of Cx43 is
known to interact with several other proteins that modulate its
intracellular trafficking and channel gating (54). However, the
mechanistic details of AB-Cx43 binding and the role of such
interactions in the intracellular trafficking and function of
Cx43 need to be established in future studies.

In summary, we have demonstrated that AB causes intracel-
lular retention of Cx43 as well as rapid internalization of Cx43
gap junctions from the cell surface in mouse primary cultured
astrocytes. Both of these phenomena can negatively affect Cx43
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Table 1
List of antibodies used in the study
Antibody Application” Dilution Source
Connexin 43 (polyclonal) WB 1:8000 Sigma-Aldrich
IF 1:800
Connexin 43 (monoclonal) IF 1:400 Sigma-Aldrich
GFAP (polyclonal) IF 1:200 Sigma-Aldrich
FC 1:50
B-Actin (monoclonal) WB 1:5000 Sigma-Aldrich
Calnexin (polyclonal) IF 1:400 Abcam
B-COP (polyclonal) IF 1:400 ThermoFisher Scientific
Goat anti-rabbit horseradish peroxidase WB 1:5000 Jackson ImmunoResearch Laboratory
Goat anti-mouse horseradish peroxidase WB 1:5000 Jackson ImmunoResearch Laboratory
Goat anti-rabbit Alexa Fluor 568 IF 1:1000 ThermoFisher Scientific
Goat anti-mouse Alexa Fluor 488 IF 1:1000 ThermoFisher Scientific

“The abbreviations used were: WB, Western blotting; IF, immunofluorescence; FC, flow cytometry.

channel function at the cell surface subsequently leading to
astrocytic and neuronal damage. Although impaired gap junc-
tion coupling can restrict the propagation gap junction perme-
able prosurvival molecules such as those involved in energy
homeostasis (glucose and ATP), and free radical scavengers
(ascorbic acid and reduced GSH), an emerging theory in the
field suggests that increased Cx43 hemichannel activity in
astrocytes causes excessive release of ATP and glutamate
that can directly cause neuronal death. Thus, several recent
studies have indicated Cx43 gap junctions/hemichannels as
a potential therapeutic target in reducing neuronal damage
without much attention to the underlying mechanisms by
which Cx43 can be modified during the disease. This is par-
ticularly important given that the Cx43 forms both gap junc-
tion channels and hemichannels, and the functional conse-
quences of Cx43 modifications are manifold. The current
study provides novel insights into the cellular mechanisms
by which A affects Cx43 function in astrocytes, which can
be crucial for the development of therapeutic strategies
aimed at restoring neuronal homeostasis.

Experimental procedures
Reagents

The bicinchoninic acid (BCA) protein assay kit, enhanced
chemiluminescence kit, ProLong Gold anti-fade reagent, Luci-
fer yellow, DNase I, High Capacity cDNA Reverse Transcrip-
tion kit, and DyNAmo Color Flash SYBR Green qPCR kit were
purchased from ThermoFisher Scientific. Mouse Cx43 and
B-actin primers for quantitative PCR were from Integrated
DNA Technologies, Inc. AB,s5.35 and ABzs.05 peptides were
from Bachem AG. RNA isolation kit was purchased from Qia-
gen. Poly-1-lysine, DNase I (cell culture grade), BFA, Dynasore,
4-PBA, and protease and phosphatase inhibitor cocktails were
obtained from Sigma-Aldrich. All cell culture reagents includ-
ing Dulbecco’s modified Eagle's medium, Hank’s balance salt
solution (HBSS), fetal bovine serum (FBS), 0.25% trypsin and
penicillin/streptomycin were procured from Gibco, Thermo-
Fisher Scientific. BD CytoFix Fixation buffer and BD Perm/
Wash Buffer were obtained from BD Biosciences. Sources of all
the primary and secondary antibodies used in the study are
listed in Table 1. All other chemicals were from Sigma-Aldrich
or ThermoFisher Scientific.
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Primary astrocyte culture

Primary astrocyte cultures were prepared from postnatal day
0-1 mouse pup brains as previously described with minor mod-
ifications (55). Briefly, following removal of the olfactory bulbs,
cerebellum, and meninges, brain tissue was dissociated in Ca**
and Mg*"-free HBSS with 0.25% trypsin and 50 ug/ml of
DNase I at 37 °C for 30 min with shaking. Trypsin was neutral-
ized by adding 0.25% FBS and followed by a wash at 300 X g for
10 min. The pellet was resuspended in HBSS and the cell sus-
pension was passed through a 70-um cell strainer. Cells were
seeded onto T25 flasks in astrocyte growth medium containing
Dulbecco’s modified Eagle’s medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Medium was replaced 24
h after plating to remove all nonadherent cells and every third
day thereafter. Primary astrocytes reached about 90% conflu-
ence at 8-9 days in vitro following which addition of fresh
media was stopped for the next 10 days to allow differential ad-
hesion of astrocytes and microglia. Subsequently, culture flasks
were shaken vigorously in an orbital incubator shaker at 200
rpm for 45 min at 37 °C to dislodge the loosely adherent micro-
glia growing on top of the strongly adherent astrocyte mono-
layer. The media was discarded and astrocytes were collected
following trypsinization and plated for experiments. The
enriched cultures from three independent culture batches were
quantified for GFAP-positive astrocytes by flow cytometry
(described later), which showed that cultures contained 97.45 *+
0.41% (mean * S.D.) of GFAP-positive astrocytes (Fig. S2). Cul-
tures established from different breeding pairs were used for each
set of experiments. All experiments were approved by the Institu-
tional Animal Care and Use Committee and conducted in ac-
cordance with the guidelines constituted by the Committee for
the Purpose of Control and Supervision of Experiments on Ani-
mals (CPCSEA, Goverment of India).

Cell culture treatments

Primary astrocyte cultures at 80-90% confluence were
treated with 10 um ABys.35 or ABss.95 reverse peptides dis-
solved in cell culture grade water and kept in normal culture
conditions for 24-72 h following previously published protocols
(24). Control and AB,5 35-treated mouse primary astrocyte cul-
tures were incubated with 4-PBA (5 mwm, 24 h), BFA (5 pg/ml, 8
h), or Dynasore (80 uMm, 3 h) where indicated. For BFA forward
trafficking assays, control and A,5 35-treated mouse primary
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astrocytes were treated with 5 ug/ml of BFA for 8 h, washed,
and then allowed to recover for the indicated durations (1-3 h)
in the presence or absence of Dynasore (80 um).

Flow cytometry

Confluent astrocyte cultures were trypsinized and washed
twice in flow buffer (PBS containing Ca>*/Mg*" and 2% FBS).
Following centrifugation at 300 X g for 5 min at 4 °C, cells were
resuspended in flow buffer and approximately 1 X 10° cells
were added to each 5-ml polystyrene round bottom FACs
tubes. Cells were fixed in 100 ul of BD CytoFix Fixation buffer
for 15 min at room temperature. Following a wash with flow
buffer, cells were incubated with rabbit anti-GFAP antibody
(1:50) diluted in BD Perm/Wash Buffer for 30 min at room
temperature. Subsequently, cells were washed three times in
BD Perm/Wash Buffer and labeled with goat anti-rabbit FITC-
conjugated secondary antibody (1:50) for 30 min at room tem-
perature. After a final wash, cells were resuspended in 500 ul of
flow buffer and subjected to flow cytometry using a BD FACS-
Verse'™ flow cytometer. Ten thousand to 50,000 events were
collected for each tube assayed and the data were analyzed
using BD FACSuite analysis software (55). The experiments
were performed from three independent cultures.

RNA isolation and real-time PCR

RNA was isolated using RNeasy RNA extraction kit following
the manufacturer’s instructions (Qiagen). RNA (0.5-1 ng) was
treated with DNase I and reverse transcribed using High
Capacity cDNA Reverse Transcription kit following manufac-
turer’s protocol. Quantitative real-time PCR was performed
with DyNAmo Color Flash SYBR Green master mix using
QuantStudio 3 Real-Time PCR System (Applied Biosystems,
ThermoFisher Scientific) with the following cycling conditions:
initial denaturation at 95 °C for 7 min followed by 40 cycles at
95°C for 10 s and 60 °C for 30 s. Primer sequences used were:
Connexin 43 (forward, 5'-CCCTTCACGCGATCCTTA-3" and
reverse, 5'-TCATGCTGGTGGTGTCCTTG-3') and B-actin
(forward, 5'-GTGACGTTGACATCCGTAAAGA-3' and re-
verse, 5'-GCCGGACTCATCGTACTCC-3’). Experiments were
performed from four independent cultures and each sample was
assayed in duplicate and mRNA normalized to B-actin mRNA.
Relative gene expressions were calculated using the comparative
Crmethod (277¢) (56).

Western blotting

Confluent monolayers of astrocytes were homogenized in
ice-cold radioimmunoprecipitation (RIPA) lysis buffer (50
mM Tris base, 150 mm NaCl, 0.1% SDS, 1% Triton X-100, 0.5%
sodium deoxycholate, pH 7.4) containing protease and phos-
phatase inhibitor cocktails. Protein concentrations were
determined using BCA protein assay kit following the manu-
facturer’s instructions. Protein samples (5 pg) were resolved
on 12% SDS-polyacrylamide gel and transferred to polyvinyli-
dene difluoride membranes. Membranes were blocked with
10% skimmed milk for 1 h at room temperature and incubated
overnight at 4°C with anti-Cx43 antibody. Following three
washes in Tris-buffered saline containing 0.1% Tween-20
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(TBST), membranes were incubated with horseradish peroxi-
dase-conjugated secondary antibodies and immunoreactive
proteins were visualized using SuperSignal™ West Pico
PLUS enhanced chemiluminescence kit. All blots were re-
probed with anti-B-actin antibody to monitor equal protein
loading and densitometry was performed using NIH Image]
gel analysis tool (57). Experiments were performed from
six independent cultures and each sample was loaded in
duplicate.

Immunofluorescence and confocal microscopy

Cells grown on glass coverslips were fixed with 4% parafor-
maldehyde for 15 min at room temperature and washed three
times with PBS. Fixed cells were permeabilized with 0.25% Tri-
ton X-100 in PBS for 15 min at room temperature and blocked
with PBS containing 0.1% Triton X-100 and 1% BSA for 1 h at
room temperature. Cells were incubated overnight at 4 °C with
anti-Cx43 antibody combined with anti-GFAP, anti-calnexin,
or anti-B-COP antibodies (at dilutions listed in Table 1) diluted
in PBS with 0.1% Triton X-100 and 0.25% BSA and subse-
quently labeled with Alexa Fluor 488- and/or 568-conjugated
secondary antibodies for 2 h at room temperature. Coverslips
were washed three times with PBS and mounted in ProLong
Gold anti-fade reagent. Immunostained cells were visualized
and imaged using an Olympus I1X-81 inverted epifluorescence
microscope. For colocalization studies, imaging of double-
immunolabeled cells were performed using a Leica SP8 confo-
cal laser scanning microscope (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with a HC PL APO X63 oil-
immersion objective lens using 488- and 552- nm laser lines.
Images were acquired and processed using LasX software
(Leica Microsystems). Image analysis was done using Image]J
software (57). The determination of colocalization of Cx43 and
the ER marker, calnexin, or the ERGIC marker, 3-COP, was
carried out by using Image] Colocalization Threshold plug-in.
Pearson's coefficient for colocalization was calculated that
compares a pair of images from different fluorescent channels.
Five to 10 fields were analyzed for each group from two inde-
pendent experiments.

Triton X-100 solubilization assay

Cx43 assembly into gap junctions was analyzed using Triton
X-100 detergent solubility assay (33). Primary astrocytes were
harvested in ice-cold PBS containing protease and phosphatase
inhibitor cocktails. Cells were homogenized using a ball bearing
cell homogenizer. Protein concentrations were determined
using BCA protein assay kit and equal amounts of protein
for Af,s5.35-treated and control groups were centrifuged at
100,000 X gfor 1 h at 4 °C using a Beckman Optima Max ultra-
centrifuge (Beckman Coulter Inc., Brea, CA) to obtain a mem-
brane-enriched pellet. For detergent solubilization, the mem-
brane-enriched pellet was resuspended in PBS containing 1%
Triton X-100 and incubated at 4°C for 30 min. The samples
were centrifuged at 100,000 X g for 30 min at 4°C and sepa-
rated into Triton X-100—soluble supernatant and Triton X-
100—insoluble pellet. The pellet was resuspended in lysis buffer
containing 1% SDS and solubilized by sonication (Triton X-
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Table 2

Sequence homology of Cx43 with other connexins

Mouse connexin 437 Other connexins (PDB ID)* % Identity
Cx431 931 Lamb connexin 465 _55, (6MHQ) 51.5
Cx43934-258 Human connexin 43;_,4 (2LL2) 80.8
Cx43951.382 Rat connexin 43, _13, (1R5S) 98.5

“The amino sequence region is shown as a subscript.

100-insoluble fraction). Equal volumes of soluble and insoluble
fractions were resolved on 12% SDS-PAGE gel and analyzed for
Cx43 levels by immunoblotting. Experiments were performed
from four independent cultures.

For detergent extraction in situ, confluent astrocyte mono-
layers grown on poly-L-lysine—coated coverslips were rinsed
with PBS and incubated in ice-cold PBS containing 1% Triton
X-100 for 30 min at 4 °C with gentle shaking. The control cells
were treated similarly without 1% Triton X-100. The coverslips
were fixed with 4% paraformaldehyde for 15 min at room tem-
perature and immunolabeled with anti-Cx43 antibody as
described earlier. Experiments were performed from three in-
dependent cultures.

Dye transfer assay

Gap junction mediated intercellular coupling was evaluated
by transfer of Lucifer yellow dye in a scrape loading assay as
described previously (55). Briefly, completely confluent mono-
layer cultures of control and A,5 35-treated astrocytes grown
on 35-mm culture dishes were scrape loaded with Lucifer yel-
low dye and incubated at room temperature for 1 min. The cells
were then rinsed quickly three times with PBS and incubated at
37 °C for an additional 8 min in the growth media to allow the
loaded dye to transfer to adjoining cells. Fluorescent images
were captured using an Olympus® IX-81 epifluorescence
microscope with a UV filter. The distance traveled by the dye in
different treatments was measured from the scrape line using
Image] software (57). Five to 10 fields were analyzed for each
group from three to four independent experiments.

Dye uptake assay

Dye uptake assay using ethidium bromide (EtBr) was done to
study the hemichannel activity (24). The cells grown to ~70%
confluence were washed with Locke’s solution (154 mm NaCl, 5.4
mm KCl, 2.3 mm CaCl,, 5 mm HEPES buffer, pH 7.4) after remov-
ing media and were treated with Locke’s solution containing 5
M EtBr for 10 min at 37 °C. Subsequently, the cells were fixed in
4% paraformaldehyde and proceeded with normal immunofluo-
rescence protocol as described above to probe with anti-GFAP
antibody. The cells were mounted with mounting medium with-
out DAPI (Vectashield, Vector Laboratories Inc., Burlingam,
CA). Cells were imaged using Olympus® IX-81 epifluorescence
microscope and the intensity of the nuclei was quantified using
Image] software (57). Five to 10 fields were analyzed for each
group from three independent experiments.

Homology modeling

The primary sequence of mouse Cx43 was obtained from the
Uniprot Knowledgebase (accession number P23242). Cx43 is
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382 amino acids long and shares homology with various con-
nexins (Table 2). Because no single template structure shares
very high sequence homology with the whole Cx43, multiple
templates (Table 2) were used along with the MODELLER
package (58) for the Cx43 model building. We have generated
20 models and the model with the lowest DOPE score (59) was
further used for docking studies.

Docking and molecular dynamics simulations

Being an intrinsically disordered peptide, the conforma-
tion of AB is subject to its surrounding environment and
peptide length (60). A previously reported monomeric struc-
ture of AB; 4 (61-63) was used in docking studies with
Cx43. The AB,s5.35 segment was extracted from the full-length
monomer Af, as the conformation of this segment in fully aque-
ous environment remains experimentally unreported. Both
structures were consequently used for blind docking with Cx43
using the ZDOCK server (64). The transmembrane helices of
Cx43 were excluded for docking interaction.

The best ranked docked poses of Cx43 with either AB;.4
monomer or Af,s.3; monomer were further used as the initial
structure for performing implicit solvent molecular dynamics sim-
ulations. All simulations were carried out in the AMBER16 (65)
program suite. The Cx43 and AP were prepared with AMBER
ff14SB force field (66) and the effect of water was implemented
using the generalized Born model (67). A 1000 steps of steepest
descent energy minimization was followed by another 1000 steps
of conjugate-gradient minimization without any constraint. We
have performed 200 ps of equilibration where the system temper-
ature was raised from 0 to 310 K using a Langevin thermostat.
This was followed by a 100-ns production run in NVT condition
where coordinates were saved every 5 ps. Throughout the equili-
bration and production run the four transmembrane helices of
the Cx43 were constrained by applying a harmonic force of 1 kcal/
mol to main chain atoms. During the simulation, the infinite cut-
off was used to calculate the nonbonded interaction energy, and
SHAKE (68) was used to restrain the bonds involving hydrogen
atoms. Interaction energy of the last 50 ns of data, were calculated
using the NAMD Energy plugin (69).

Statistical analysis

All data are presented as mean * S.D. and data are repre-
sented as points in the scatter plot. Statistical significance was
determined by one-way analysis of variance followed by New-
man-Keuls post hoc analysis for multiple comparisons or
unpaired two-tailed Student’s ¢ test for single comparison with
a significance threshold of p < 0.05. All analyses were per-
formed using GraphPad Prism version 5.0 software (GraphPad
Software, Inc., La Jolla, CA).

Data availability

The data that support the findings of this study are all con-
tained in the results section of the manuscript.
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