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ABSTRACT

Glial dysfunction is a major feature in the pathophysiology of mood disorders. While altered astrocyte
(AS) and oligodendrocyte-lineage (OL) cell functions have been associated with depression, the crosstalk
between these two major glial cell types has never been assessed in that context. AS are potent regulators
of OL cells and myelination, in part through gap junction-mediated intercellular communication made
possible by the heterotypic coupling of AS-specific (Cx30 and Cx43) and OL-specific (Cx32 and Cx47)
connexins, allowing cytosolic transport and metabolic support to OL cells. Because changes in the
expression of AS-specific connexins have been previously reported in the brain of depressed individuals,
this study aimed at addressing the integrity of AS-OL coupling in the anterior cingulate cortex (ACC) of
depressed suicides. Using immunofluorescence and confocal imaging, we characterized the distribution of
the AS-specific Cx30 in the ACC, and mapped its expression onto oligodendrocyte somas and myelinated
axons as well as brain vasculature in post-mortem brain samples from depressed suicides (N=48) and
matched controls (N=23). The differential gene expression of key components of the gap junction nexus
was also screened through RNA-sequencing dataset previously generated by our group, and validated by
quantitative real-time PCR. Our results indicate that Cx30 expression mapping to OL cells is selectively
decreased in depressed suicides, an effect that was associated with decreased expression of OL-specific
connexins Cx32 and Cx47, as well as the downregulation of major connexin-interacting proteins essential
for the scaffolding, trafficking and function of gap junction channels. These results provide a first
evidence of impaired gap junction mediated communication between astrocytes and oligodendrocytes in
the ACC of individuals with mood disorders. These changes in glial coupling are likely to have
significant impact on brain function, and may contribute to the altered OL function previously reported in

this brain region.
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INTRODUCTION

Glial dysfunction has emerged as an important pathophysiological hallmark of depression and suicide. In
particular, post-mortem studies have consistently shown changes in astrocyte numbers and morphology,
as well as in the expression of several astrocytic markers in fronto-limbic regions of depressed
individuals'*°, while pharmacological or genetic disruption of astrocyte function in rodents has been
associated with depressive-like behaviourt*!2, Recently, oligodendrocyte-lineage (OL) cells have also
been associated with depression and suicide. These cells, which allow for a formidable form of brain
plasticity by responding to environmental cues and experiences in an activity-dependent manner*®-15,
were found to display signs of functional impairments in both post-mortem brain samples from depressed
individuals'®-2* and stress-induced animal models of depression?>-%’. These findings could represent a
neurobiological substrate to the altered connectivity and white matter integrity that have been reported in
imaging studies?®-*, highlighting that myelin plasticity in discrete cortico-limbic areas could mediate
some of the behavioral changes characterizing depression or modulate individual vulnerability to this

mood disorder.

While astrocytes and oligodendrocytes have been independently implicated in the pathophysiology of
depression, the interplay between these cell types has never been examined in this context. Astrocytes are
known potent regulators of OL cell proliferation, survival and maturation as well as myelination. This
multi-faceted influence of astrocytes is exerted either indirectly through their implication in
neurotransmission, or directly through the release of various molecules affecting the physiology of

oligodendrocytes and myelin maintenance3¢-*°,

Part of the astrocytic control over OL cells and myelination is permitted through cytosolic exchanges
allowed by gap junction coupling between astrocytes and oligodendrocytes®-34041 Gap junction
coupling, which can also be homotypic, thus gives rise to extended networks of interconnected glial cells
in the brain. The docking of two connexin hexamers (hemichannel, or connexon) from two adjacent cells

forms a channel allowing the exchange of a wide range of small molecules such as ions, metabolites,
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second messengers and neurotransmitters, referred to as gliotransmitters*?. Astrocytes mainly express
Cx30 and Cx43, while oligodendrocytes mainly express Connexin 32 (Cx32) and Cx47. Functional
channels are formed between astrocytes and oligodendrocytes (A:O) through the heterotypic coupling of

Cx30-Cx32 and Cx43-Cx4 7414347,

Glial gap junction coupling has been shown to be of critical importance for oligodendrocyte function,
including normal myelination. In double knockout mouse models, loss of oligodendrocyte-expressed
Cx32 and Cx47 induces important abnormalities in the central nervous system*, including thinner or
absent myelin sheaths, oligodendrocyte cell death and axonal loss. Interestingly, the double deletion of
both astrocyte-expressed Cx30 and Cx43 also leads, albeit to a lesser extent, to myelination
impairments*®. Moreover, mice with concomitant deletions of an oligodendrocyte connexin and an
astrocyte connexin, for example Cx43/Cx32 or Cx30/Cx47 double knock-out mice, show impaired
astrocyte-oligodendrocyte coupling, severe myelin pathology such as myelin loss, and decreased numbers
of OL cells®5. Overall, these studies demonstrate that astrocyte-oligodendrocyte gap junction coupling is

particularly important for oligodendrocyte function.

Our group and others recently reported that the expression of both astrocytic Cx30 and Cx43 is
significantly decreased in multiple areas of the depressed suicide brain, including the prefrontal cortex,
orbitofrontal cortex, mediodorsal thalamus, and caudate nucleus’®2. These findings have been replicated
in chronic stress mouse models of depression®***, with decreased diffusion of gap junction permeable
dyes concomitant to changes in Cx43 expression®. The underlying mechanisms and functional
consequences of such coupling changes are unclear, but given that astroglial networks are involved,
notably, in regulating neuronal activity and plasticity, metabolic and osmotic support, blood-brain barrier
integrity, and myelination3%>-%7 alterations in glial coupling are likely to have significant consequences
on brain function. Importantly, it remains to be determined whether decreased expression of astrocytic
connexins may reflect changes in gap junction coupling of astrocytes among themselves, and/or with

other cell types.
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We examined this question in the present study by focusing on astrocyte-oligodendrocyte coupling in
post-mortem anterior cingulate cortex (ACC) samples from depressed suicides and matched sudden-death
controls. This cortical region was selected because we previously found it to display convergent
molecular and cellular abnormalities of myelination and oligodendrocyte function in depressed suicides*®,
particularly in individuals with a history of child abuse (CA). Based on these previous results and
evidence suggesting that such individuals may represent a distinct clinical and neurobiological subtype of
depression®®, we also examined samples from a group of depressed suicides with a history of CA. Our
experimental strategy was to combine double-labeling immunofluorescence and confocal microscopy to
map the expression of the astrocyte connexin Cx30 onto oligodendrocyte somas and myelinated fibers.
We also mapped Cx30 expression onto cerebral vasculature as a way to address the cell-type specificity
of the potential changes observed in Cx30 mapping. We also screened for the expression of genes known
to be important for the scaffolding and function of gap junction channels (GJCs), as well as genes coding
for the main astrocyte- and oligodendrocyte-specific connexins. These experiments provided evidence of
a significant decrease of Cx30-immunoreactivity (-IR) specifically on oligodendrocyte-lineage cells and a
significant downregulation of oligodendrocyte-specific connexins, as well as key associated molecules in
the ACC of depressed suicides, altogether suggesting impaired AS-OL gap junction communication in the

brain of depressed suicides.

MATERIAL AND METHODS
Human post-mortem samples

This project was approved by the Douglas Hospital Research Ethics Board. Brain tissues were obtained
from the Suicide section of the Douglas-Bell Canada Brain Bank (Douglas Hospital Research Centre,
Montreal, Canada) in collaboration with the Quebec Coroner’s Office and with informed consent from
next of kin. Samples were obtained from individuals having died by suicide in the context of a depressive

episode (Depressed Suicides — DS; N=48) and from healthy controls (Controls - CTRL; N= 23) having
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died suddenly without psychiatric or neurological illness. Groups were matched for age, post-mortem
interval (PMI), tissue pH and RNA Integrity Number (RIN) (Table 1). Cases and controls were defined
with the support of medical charts and Coroner records, and based on previously described and validated
psychological autopsies®. In brief, the Structured Clinical Interview for DSM-IV Psychiatric Disorders
(SCID-I) was conducted by a trained interviewer with one or more informants best acquainted with the
deceased and reviewed by a panel of clinicians to reach consensual diagnosis. Cases with a history of CA
all scored highest (1 or 2) in the rating scale of sexual and physical abuse from an adapted version of the
Childhood Experience of Care and Abuse (CECA)®%, Histological experiments for Cx30 quantification

and colocalization were performed on a subset of matched controls (N=8-11) and depressed suicides (N=

12-17).
Table 1. Subjects characteristics
CTRL DS-nCA DS-CA
N 23 23 25
Axis 1 diagnosis none MDD (19();)DD-NOS MDD (21();)DD-NOS
History of CA none none 25
Age (years) 46.2 £22.2 49.3+£10.3 42.2£14.8
Sex (M/F) 18/5 20/3 18/7
PMI (hours) 354 +215 51.7+29.4 42 +22.5
pH 6.5+£0.3 6.6 £0.3 6.6 £0.3
RIN 6.9+0.6 6.5+£0.3 6.8+£0.8
Substance
dependence 0 9 8
AD medication 0 9 8

Data represent mean + SD. AD: antidepressant; DD-NOS: Depressive Disorder Not Otherwise Specified;
MDD: Major Depressive Disorder; PMI: post-mortem interval; RIN: RNA Integrity Number.

Tissue dissections

As previously described!®, ACC samples were dissected by expert brain bank staff from frozen coronal
sections with the guidance of a human brain atlas®. Histology blocks (~1cm?®) were collected in sections

equivalent to plate 6 of this atlas (-30mm from the center of the anterior commissure) immediately rostral
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to the genu of the corpus callosum, using the cingulate and the callosal sulci as the rostral and caudal
landmark limits, respectively. Frozen blocks were fixed overnight in 10% formalin, cryoprotected in a
20% sucrose/PBS solution, and cut serially in 50um-thick sections with a cryostat. Sections were kept in

cryoprotectant (30% glycerol, 30% ethylene glycol, PBS) until processed for immunofluorescence.

Immunohistochemistry

Free-floating sections were rinsed in PBS and then incubated overnight and at room temperature in
primary antibodies diluted in a solution of PBS-Tx-100/2% normal donkey serum. Following washes in
PBS, sections were incubated for 2 hours at room temperature with Alexa-488, Cy3 or Cy5-conjugated
secondary antibodies produced in donkey (Jackson ImmunoResearch) diluted 1:500 in PBS-Tx-100/2%
normal donkey serum. Sections were then mounted on slides, coverslipped (Vectashield mounting
medium with DAPI, Vector Laboratories) and kept at 4°C until imaging. The primary antibodies used in

this study along with their respective dilutions are listed in Table 2.

Table 2. Primary antibodies used in this study

Primary antibody | Species | Dilution Manufacturer Reference number
Connexin 30 Mouse | 500 Santa Cruz Biotechnology | sc-514847
Connexin 43 Rabbit 500 Cell Signaling 3512

Myelin Proteolipid Rabbit 1000 Abcam ab105784

Protein (PLP)

Nogo-A Rabbit 100 Millipore AB5888

Laminin Rabbit 1000 Sigma-Aldrich L9393

Vimentin Rabbit 1000 Abcam abh92547

GFAP Chicken | 1000 Abcam ab4674

Confocal imaging and analysis

Image acquisitions was performed on an Olympus laser scanning confocal microscope (F\VV1200)
equipped with a motorized stage. For the analysis of Cx30 density and colocalization experiments, stack
images were taken with a x60 objective (NA = 1.42) and 3.5 digital zoom, with XY pixel width of
0.06pum and z spacing of 0.8um. This spacing was chosen to prevent any dot from being counted twice in
two successive z slices. Parameters were kept consistent across all acquisitions. For Cx30 total density

measurements, 4 random stacks with an average of 15 z-sections per stack were randomly acquired within
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layer 5/6 of the ACC. For each z-section, the number of Cx30 puncta was quantified by the find maxima
function of ImageJ with a noise tolerance set at 350, and divided by the image area to calculate a density
per mm?2, We used this approach as it gave the most accurate estimate of puncta number compared to
manual counting on a small set of captured images. For each stack the z-sections densities were then
averaged, and stack averages computed per subject to yield final Cx30 densities. For Cx30 mapping onto
Nogo-A positive cells, an average of 20 cells were manually segmented within 3 images stacks acquired
within layer 5/6 of the ACC and using previously described acquisition parameters. For each z-section,
cell selection was enlarged by 0.5um, and number of Cx30 puncta quantified as described above, using
the find maxima function with a noise tolerance of 350. Total Cx30 puncta numbers per cell were
averaged to yield the average number of Cx30 mapping to Nogo-A+ cells per subject. Cx30 mapping to
myelinated fibers and blood vessels was performed similarly in 4 random stacks taken within layer 5/6 of
the ACC and using the same acquisition parameters. For each z-section of the stacks, PLP or Laminin IR
were subjected to auto-thresholding and converted to mask. A median filter with a 3 pixels radius was
applied, followed by a round of dilation and erosion. For each z-section the number of Cx30 puncta
within PLP or Laminin masks was then quantified using the find maxima function (noise tolerance of
350), and the density of Cx30 calculated by dividing the number of Cx30 puncta by PLP or Laminin area
respectively. Densities per stack were then averaged to yield the final density of Cx30 mapping to PLP or

laminin per subject.
RNA-sequencing and RT-PCR validation

The RNA sequencing dataset, which was generated with a cohort including all of the subjects from the
present study, was thoroughly described in a report we recently published?®. In brief, total RNA was
extracted from frozen ACC samples using the RNeasy Lipid Tissue Mini Kit (Qiagen) and a 2100
Bioanalyzer (Agilent) used to measure RNA concentration and RIN. Libraries preparation was performed
at the Genome Quebec Innovation Center with the TrueSeq Stranded Total RNA Sample Preparation and

Ribo-Zero Gold kits (Illumina), and quantified using PCR (KAPA Library Quantification). Sequencing
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was done on an lllumina HiSeq 2000 (100bp paired-end), with ~62 million reads/library. After adapter
trimming, alignment and gene quantification using FASTX-Toolkit, Trimmomatic, TopHat v2.1.0 and
HTSeq-count respectively, differential expression between groups was analyzed with DESeq2 using RIN,
age and gender as covariates. Differential expression was screened in a panel of genes built based on the
literature and the evidence of their role in gap junction signaling and cell-cell junctions (Figure 4).
Validation of differential gene expression was performed by quantitative RT-PCR for the 8 following
genes: GJB6, GJAL, GJB1, GJC2, CAV1, CAV2, OCLN and DBNL1 (Table 3). Starting from 50mg of
frozen tissue, total RNA was extracted using RNeasy Lipid Tissue Mini Kit (Qiagen) with DNase
digestion. RNA quantity and RIN were measured with the 2200 TapeStation (Agilent), and only samples
with RIN>5.5 were used for analysis. One pg of RNA was used to synthetize cDNA using M-MLV
reverse transcriptase (Invitrogen) with oligo-dT and random hexamers. Quantitative PCR reactions were
performed using SYBR Green intercalating dye and master mix (Biorad) on a QuantStudio 6 Flex Real-
Time PCR system (ThermoFisher Scientific), using four replicates per gene. Primers were designed with

Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and validated by dissociation curves

and gel migration. Relative expression was calculated on the QuantStudio Real-Time PCR Software
version 1.2 (ThermoFisher Scientific) using calibration curves and normalization by the housekeeping

gene GAPDH.

Table 3. Primers used for quantitative RT-PCR validation of differential expression

. » N Primer length Amplicon size

Gene Primer sequence (5’23’) (bp) (bp)
Forward:

GJIB6 CGGCCF—;CAGAGCAGTTAAAA 20 102
Reverse: 20
CCCGTTTGCAAAACACAGGA
Forward:

GIAL | T ACCAAACAGCAGCGGAGTT ” 139
Reverse: TGGGCACCACTCTTTTGCTT
Forward:

GJB1 | GGCAGTGACAGGGAGGTGT 19

. 83
Reverse: 20
TAGAATGCCGGTTCACGCCA
Forward:

GICZ | AATTTTCTGGCCTGGAGAAGGACC 2 154
Reverse: TCAGCACGATGCGGAAGAC
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Forward:

CAV1 TGACGTGGTCAAGATTGACTTT 22 139
Reverse: 20
AAAGAGGGCAGACAGCAAGC
Forward: ACGGAGAAGGCGGACGTA 18

CAV2 | Reverse: 20 186
AAAGGAGTGCGTAGTCACCG
Forward:

OCLN TGCAGF:TACTGGACTCTACG 20 80
Reverse: 22
GTACAATGGCAATGGCCTCCTG
Forward: 20

DBN1 | GGAGTTCTTCCAGGGTGTCG 20 180
Reverse: GTCTTCTGGTAGGTGGTGCC

Statistics

All statistical analyses were performed on Statistica version 12 (StatSoft) and Prism version 6 (GraphPad
Software). Distribution of the data and homogeneity of variances between groups were assessed with
Shapiro-Wilk and Levene’s tests, respectively. For Cx30 density measurements and mapping experiments
comparing Controls (CTRL), Depressed Suicides (DS-nCA) and Depressed Suicides with a history of CA
(DS-CA), group effects were detected with Kruskal-Wallis non-parametric one-way ANOVAs, followed
by Dunn’s multiple comparisons post-hoc test. Effects of a history of substance abuse and medication in
Depressed Suicides on Cx30 density were addressed using Kruskal-Wallis one-way non-parametric
ANOVA. Linear regressions were used to assess the effects of age and PMI on Cx30 density. Differential
expression in the RNA-sequencing dataset was performed using DEseq2, using a linear model controlling
for RIN, age and gender. Differential expression in RT-PCR data was assessed using unpaired two-tailed
t-tests comparing cases to controls. Nominal p-values are reported with a significance threshold set at

0.05.
RESULTS
General distribution and validation of Cx30 immunostaining

Using immunofluorescence, we first sought to characterize the general distribution of Cx30 in the ACC
and validate antibody specificity. As expected®®, Cx30-IR took the form of a very dense and clear

punctate labeling which was highly enriched in cortical grey matter neuropil (Fig.1A) while virtually
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absent in adjacent white matter. Since Cx30 is known to be strongly associated with cerebral vasculature,
where astrocytes establish numerous gap junctions at the perivascular endfeet®-’, we combined
immunostainings for Cx30, vimentin, and GFAP to confirm that we could observe this distributional
pattern. VVimentin was chosen because it is an intermediate filament expressed by cells in blood vessels
walls as well as by a subpopulation of astrocytes®. The distribution of Cx30 was homogenous throughout
cortical layers, and as illustrated in Fig.1B, Cx30 expression was particularly enriched along astrocyte
endfeet lining blood vessels in highly vascularized areas. We further addressed the specificity of this
distribution by immunostaining for GFAP together with both astrocyte-specific connexins, Cx30 and
Cx43. As shown in Fig.1C and previously reported*>%67 Cx30 and Cx43 highly colocalized at the level
of GFAP+ endfeet along blood vessels, indicating that our Cx30 staining was reliable. We then quantified
the overall density of Cx30 puncta in the ACC of controls and depressed suicides, segregating cases based
on their known history of CA (Fig.2A). Surprisingly, although based on the literature we expected that
Cx30 puncta density may be decreased in depressed suicides, we found no difference between groups
(Kruskal-Wallis ANOVA: H(2,23) = 0.3268, P =0.84), regardless of the history of CA, as both depressed
suicides with (DS-CA) and without (DS-nCA) history of CA showed Cx30 densities similar than controls.
This was unlikely to be attributable to cofounding factors, as the density of Cx30 puncta was not
correlated with age nor PMI (PMI vs Cx30 density: R2=0.01, P = 0.63; Age vs Cx30 density: R? = 0.05,
P =0.33; Fig.2D and E). Because previous studies have linked antidepressant medication and alcohol
abuse to changes in the expression of astrocytic connexins®°, we compared Cx30 densities in cases with
or without known history of substance abuse (Fig.2B), as well as cases with or without known
antidepressant prescription during the last 3 months before death (Figure 2C). No significant effect of
substance abuse (Kruskal-Wallis ANOVA: H(2,23) = 0.02247, P=0.99) or medication (Kruskal-Wallis
ANOVA: H(2,23) = 0.3308, P=0.85) was found, supporting the notion that, at least in the ACC, overall

Cx30 density is not altered as a function of psychopathology, medication or comorbid substance abuse.


https://doi.org/10.1101/578807

bioRxiv preprint doi: https://doi.org/10.1101/578807; this version posted March 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Decreased mapping of Cx30 onto oligodendrocyte cell bodies and myelinated fibers in depressed

suicides

Because of the very high level of Cx30 expression and puncta labeling, small differences in Cx30
associated with specific cell-cell interactions could go unnoticed while assessing overall Cx30 distribution
and density in the tissue. Since Cx30 is involved in astrocyte-oligodendrocyte gap junction coupling both
at the soma and onto myelinated fibers*, we mapped Cx30-IR to oligodendrocytes and myelinated fibers
to address possible changes specific to astrocyte-oligodendrocyte coupling (Fig.3A). Using Nogo-A-IR as
a reliable marker of mature oligodendrocytes®®™, we first quantified the number of Cx30-IR puncta
colocalizing with individual NogoA+ cells in layers 5/6 of the ACC (Fig.3B). Although the average
mapping of Cx30 onto individual mature oligodendrocytes was relatively low, we found a significant
difference between groups (Kruskal-Wallis ANOVA: H(2,23)= 9.09, P<0.05), with decreased Cx30-IR
mapping to Nogo-A-IR cells in depressed suicides compared to controls, regardless of history of CA
(Dunn’s multiple comparisons tests: CTRL vs DS-nCA and CTRL vs DS-CA: P<0.05). We then
combined Myelin Proteolipid Protein (PLP) and Cx30 immunofluorescence to quantify the density of
Cx30 mapping to myelinated fibers (Fig.3C). In accordance with decreased astrocyte-oligodendrocyte
coupling at the soma, we also found differences between groups (Kruskal-Wallis ANOVA: H(2,24) =
7.471, P<0.05), with Cx30-IR decreased along PLP-IR myelinated axons in depressed suicides regardless
of history of CA, although differences were more statistically robust in DS-CA (Dunn’s multiple
comparison test, CTRL vs DS-CA: P<0.05), as only a trend was detectable between DS-nCA and controls
(Dunn’s multiple comparison test, CTRL vs DS-nCA: P<0.1). Densities of Cx30 on PLP-IR myelinated
axons were similar between DS-CA and DS-nCA (Dunn’s multiple comparison test, DS-nCA vs DS-CA:

P=0.99).

To address whether changes in Cx30 distribution could also be observed between astrocytes and other cell
types, we used a similar approach to assess the Cx30-IR associated with cerebral vasculature

immunolabeled for laminin (Fig.3D). Unlike what was observed on Nogo-A-IR cells and PLP-IR axons,
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the density of Cx30-IR along laminin-IR blood vessels was similar between groups (Kruskal-Wallis
ANOVA: H(2,25)= 0.2, P=0.9). These results highlight that changes in Cx30-mediated gap junction

coupling in the ACC of depressed suicides may be specific to astrocyte-oligodendrocyte communication.

Downregulation of oligodendrocyte-specific connexins and scaffolding components of gap junction

channels in the ACC of depressed suicides

Changes in gap junction coupling are likely to involve transcriptomic alterations of genes essential for the
synthesis of GJC components, their scaffolding, trafficking and function. To complement our histological
approach, we screened the gene expression of some key regulators of the gap junction proteome from a
previously published RNA-sequencing dataset comparing controls and matched depressed suicides in the
ACC, This dataset had allowed to find a global downregulation of oligodendrocyte-related genes, as
well as morphometric impairments of myelin in depressed suicides with a history of CA. Here, a non-
exhaustive literature-based list of genes was screened that included major connexins and some of their
known binding partners, such as cytoskeletal and scaffolding components of the GJC (Fig.4A and B).
The latter included zona occludens 1 (ZO-1), ZO-2 and ZO-3, spectrin, drebrin and catenins, which
together form a network of proteins that bridges connexins to microfilaments and microtubules and

interact with occludins, claudins and cadherins to form junctional nexuses’-".

Among connexin genes, only those coding for two oligodendrocyte-specific connexins, Cx32 (GJB1) and
Cx47 (GJC2), were found to be downregulated in depressed suicides (P<0.05). These connexins are
binding partners of the astrocyte-specific connexins Cx30 and Cx43, respectively, which pair together to
form functional GJCs between astrocytes and oligodendrocytes*'#3, Moreover, two major connexin-
interacting proteins, alpha- and beta- catenins’™®, both adherens junction components, were also
downregulated in cases versus controls (P<0.05). Several major cytoskeletal components essential for the

scaffolding of GJCs and junctional nexus were also found to be differentially expressed. The major tight
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junction proteins ZO-1 and Z0O-2, interacting with each other and with connexins to regulate gap junction
plaque size and distribution™ "8 were downregulated in samples from depressed suicides (P<0.05 and
P<0.01 respectively). We also screened for other core proteins of tight junctions, such as occludin and
claudins, which are also part of the junctional nexus, some of which co-immunoprecipitate with the
oligodendrocyte-expressed Cx32798%, Again, occludin was significantly downregulated in depressed
suicides (P<0.01), while among the claudin family of proteins, the only member found to be differentially
expressed between groups was CLDN11 (claudin-11, P<0.05), an essential component of myelin
interlamellar tight junctions®'-#3, also suggesting that cell-cell junctions involving oligodendrocytes may

be particularly impaired in depressed suicides.

Caveolin-1 and Caveolin-2, two major regulators of connexin trafficking and assembly, as well as gap
junction mediated intercellular communication®2® were also found to be downregulated in depressed
suicides (P<0.05). Finally, of the key actin-binding proteins important to bridge connexins to actin
microfilament cytoskeleton®-*°, DBN1 (developmentally regulated brain protein, drebrin, P<0.05),
SPTANL1 (Alpha-11 Spectrin, P<0.01), SPTB (beta-1 spectrin, P<0.05), SPTBN2 (beta-I11 spectrin,
P<0.05), and SPTBN4 (Beta-1V Spectrin, P<0.01) were all upregulated in depressed suicides compared to

controls.

A subset of these differentially expressed genes was selected for validation with quantitative RT-PCR.
We focused on the connexins enriched in astrocytes (Cx30 and cx43) and oligodendrocytes (Cx32 and
Cx47) as well as CAV1, CAV2, OCLN and DBNL1 (Fig.4C and D). Importantly, because in our RNA-
sequencing study all depressed suicides had a history of CA, which may specifically lead to
oligodendrocyte abnormalities, gPCR validation was performed in both DS-nCA and DS-CA groups
similarly to our histological experiments, to clarify whether observed changes were associated with
psychopathology or were specific to history of CA. Overall, regardless of CA, depressed suicides
displayed a general downregulation of Cx32, Cx47, CAV1 and CAV2 as well as OCLN expression and

an upregulation of DBN1 expression compared to controls (Fig.4C). These changes were however not as


https://doi.org/10.1101/578807

bioRxiv preprint doi: https://doi.org/10.1101/578807; this version posted March 16, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

statistically robust as previously observed using RNA-seq. Importantly, because these changes did not
seem specific to a history of CA, as no significant difference was found between DS-CA and DS-nCA for
any of these genes, we combined both depressed suicides groups (Fig4D) and found significant
downregulations of oligodendrocyte connexins Cx32 and Cx47, CAV1 and CAV2 as well as OCLN
(CTRL vs Depressed Suicides, P<0.05). The upregulation of DBN1 observed in the RNA-seq dataset was
however not validated, although a small trend towards increased expression was detectable (CTRL vs

Depressed Suicides, P=0.13).

DISCUSSION

In this study, we aimed to address the hypothesis that cellular communication between astrocytes and
oligodendrocytes could potentially be impaired in depressed suicides, as previous evidence had linked
changes in the expression of astrocytic connexins as well as myelin and oligodendrocyte function
impairments in this population. We characterized the distribution of Cx30 in the human post-mortem
ACC by immunolabeling, and found that Cx30-IR is selectively decreased in somas of mature
oligodendrocytes and along myelinated fibers in depressed suicides, suggesting that Cx30-mediated gap
junction coupling between astrocytes and oligodendrocytes may be disrupted. This was supported by the
reduced expression of genes coding for the two major oligodendrocyte-specific connexins, Cx32 and
Cx47, which upon pairing with the astrocytic connexins Cx30 and Cx43 allow the formation of functional
GJCs between these two glial cell types. Additional key components of the gap junction proteome and
cell-cell junctions, in particular components essential for the scaffolding, trafficking and function of
GJCs, were also found to be downregulated in depressed suicides. Altogether, these results highlight that
glial cell communication through cell-cell junctions may be an important feature of the pathophysiology
of depression, possibly bridging the cumulative evidence of astrocytes and oligodendrocytes

abnormalities previously observed in this population.

Several post-mortem studies, including from our group, have consistently reported a downregulation in

the expression of astrocytic connexins in frontal regions of suicides. Ernst et al. first found both Cx30 and
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Cx43 to be strongly downregulated in the dorsolateral prefrontal cortex of suicides®. Nagy et al. further
showed that this phenomenon also occurred in other cortical and subcortical brain regions, namely the
prefrontal, primary motor and visual cortex, the dorsomedial thalamic nucleus, and the caudate nucleus’.
Finally, Miguel-Hidalgo and collaborators also reported that Cx43 expression was decreased in the
orbitofrontal cortex of depressed individuals versus controls®. We were therefore surprised that this result
was not replicated in our cohort of subjects, perhaps highlighting a regional specificity of the ACC with
regards to astrocytic changes associated with psychopathology. This discrepancy was not driven by
covariates, history of substance dependence or antidepressant treatment. In agreement with our results for
Cx30 and Cx43 in the ACC, other canonical markers of astrocytes previously found to be downregulated
in BA8/9 of depressed suicides, alongside astrocytic connexins, were not affected in the ACC. These
markers include ALDH1L1, GLUL, and Sox9, an astrocyte-enriched transcription factor previously
shown to bind to and potently regulate Cx30 expression®. Considering that astrocyte connexins are
engaged in a wide range of GJCs between astrocytes and other cell types, we hypothesize that astrocytes
dysfunction may not be a critical pathophysiological feature in the ACC, but that their interaction with
other cell types may be still be compromised through changes occurring in some of their interacting
partners. In that scenario whole levels of Cx30 expression may not be indicative of discrete changes
occurring in other cell types. We were particularly interested in glial communication between astrocytes
and oligodendrocytes, as we previously showed that cortical myelination is critically impaired in the ACC
of depressed suicides'®, and that A/O GJCs are essential for the maintenance of myelin and

oligodendrocyte function.

Our results indicated that indeed, while only representing a small fraction of the Cx30 localization, Cx30
mapping to mature oligodendrocytes and myelinating fibers, but not cerebral vasculature, is selectively
decreased in depressed suicides. In accordance with these immunohistological results, we found that the
gene expression of the canonical partner of Cx30 on the oligodendrocyte side, Cx32, was also

significantly downregulated. Taken together, these observations strengthen our interpretation that A/O
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gap junction coupling may be impaired in depression, possibly through changes occurring in
oligodendrocytes. Interestingly, the other oligodendrocyte-specific connexin, Cx47, which associates with
Cx43, was also downregulated in depressed suicides. Although we did not quantify the mapping of Cx43
onto oligodendrocytes and myelinated fibers because of antibody incompatibilities, these results also
suggest that A/O gap junction coupling impairment may not be specific to Cx30-mediated GJCs but likely
extend to Cx43-Cx47 pairing as well. While we focused on A/O coupling, it would be interesting to use
this approach to explore other cell-cell interactions, in particular O/O coupling through homotypic pairing

of Cx32 and Cx47, both of which are downregulated in the ACC of depressed suicides.

To our knowledge, mapping connexin expression in situ onto different cell types has never been achieved
previously in post-mortem brain tissue, in which immunofluorescence can be challenging to perform.
This strategy has some limitations, however. Given the limited resolution of confocal microscopy, it is
impossible to infer whether the decreased mapping of Cx30 to oligodendrocytes and myelinated fibers
represents a loss of Cx30 pairing to its partner Cx32 or changes in hemichannel trafficking. While a more
direct approach consisting in mapping the colocalization of Cx30 with Cx32 onto oligodendrocytes or
their interaction by co-immunoprecipitation would have certainly allowed a more precise assessment of
AJO coupling, this proved challenging in our hands because of antibodies incompatibility. Despite this
limitation, our immunohistological approach was supported by strong evidence showing impaired
expression of key components of the gap junction proteome in the ACC of depressed suicides. Alongside
reduced expression of the two oligodendrocyte connexins Cx32 and Cx47, major cytoskeletal scaffolding
components and regulators of gap junction trafficking and assembly showed a collective downregulation.
While some of those are major tight and adherens junction proteins, such as occludin, ZO1 and ZO2, or
claudin-11, strong evidence highlights their role in supporting the scaffolding and function GJCs™73:86,
Alongside our observed changes in actin-binding proteins bridging connexins to cytoskeletal
microfilaments, such as spectrins and catenins, this hints towards a convergent disruption of the structural

integrity of cell-cell junctions. In view of our immunohistological results and reduced expression of Cx32
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and Cx47, we hypothesize that this may reflect disruptions of gap junction integrity, although it is likely
that such global effects may translate in other cell-cell junctions, in particular tight and adherens
junctions. Tight junctions make up the radial component of CNS myelin, acting as an interlaminar
diffusion barrier and structural support®2. The fact that claudin-11, the major component of
oligodendrocyte tight junctions®, was the only member of the claudin family to be differently expressed
in depressed suicides suggests that transcriptional changes associated with psychopathology are

particularly prominent in OLs.

What upstream causes and mechanisms could underlie the disrupted gap junction connectivity between
astrocytes and oligodendrocytes in the ACC of depressed suicides? One possible answer could be
neuroinflammation, which has been increasingly associated with depression and suicide®-*°. Indeed,
several pro-inflammatory molecules are thought to alter the composition and structure of tight junctions
by modulating some of their key components such as occludin, claudins, and zona occludens proteins®-%,
thereby affecting their permeability and function. This has been documented in the CNS, and disruption
of blood brain barrier integrity through alterations in tight junctions has recently emerged as an interesting
pathophysiological feature of depression®. With regards to connexins and gap junction integrity, chronic
inflammation, microglial activation and astrogliosis have also been associated with Cx32 and Cx47
downregulation, and widespread loss of O/O and O/A gap junctions'®-1% Notably, loss of Cx32 GJs at
oligodendrocyte cells bodies and along myelinated fibers in grey matter were previously reported in
multiple sclerosis®, similar to our observations showing decreased Cx30-IR on oligodendrocyte cell
bodies and myelinated axons. Given that increased microglia/macrophage activity has been reported in
the ACC of depressed suicides®, the present evidence of cell-cell junctions and altered A/O
communication may represent a consequence of depression-associated low-level chronic

neuroinflammation.

We recently reported a robust downregulation of the oligodendrocyte transcriptome and decreased

myelination of small caliber axons in the ACC of depressed suicides'®. Remarkably, these effects were
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associated with a history of severe CA, but were absent in a matched sample of depressed suicides
without history of CA. The present study provides evidence that altered A/O communication in the ACC
may be a common neurobiological feature of major depression, irrespective of history of early-life
adversity, and could possibly be linked to the characteristic changes in ACC volume and function
described in depressed patients®1%. It can be further hypothesized that the more global impact of CA on
oligodendrocytes and myelination may predispose to these changes and mediate specific alterations of

inter-regional connectivity found in depressed individuals exposed to early-life adversity°.

In conclusion, our study suggests that the astrocyte-oligodendrocyte gap junction connectivity is
decreased in the ACC of depressed suicides, possibly through decreased Cx30 coupling to
oligodendrocyte- and myelin-specific connexins. This is associated with a convergent downregulation of
key structural components and regulators of cell-cell junctions. Because A/O GJCs play an important role
in providing metabolic support to oligodendrocyte-lineage cells, regulate precursor cells proliferation and
differentiation, and are essential for myelin integrity, we argue that our findings may relate to reported
alterations of myelination previously observed in depressed suicides and further support glial dysfunction
as a major hallmark of depression. Ultimately, as suggested by recent preclinical studies®*%°%, targeting
connexins and cell-cell junctions could prove useful in the search of novel therapeutic approaches for

depression.
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FIGURE LEGENDS

Figure 1. Distribution of connexin 30 immunoreactivity in the human anterior cingulate cortex

(A) Cx30 (red) at low (top panels) and high (bottom panels) magnification shows a strong level of
expression in cortical grey matter but virtually no expression in deep white matter, with characteristic
puncta-like immunoreactivity enriched in the neuropil. Myelin Proteolipid Protein (PLP) (green) was used
to delineate white matter and visualize myelinated fibers. Cx30 surrounds and colocalizes with
myelinated axons in cortical grey matter. Scale bars = 200 um (top) and 2 um (bottom). (B) Connexin 30
(red) is heavily enriched along brain vasculature and perivascular endfeet of astrocytes stained with
vimentin (green). High magnification (bottom panels) shows strong colocalization of Cx30 puncta along
blood vessels and perivascular endfeet, consistent with previous description of Cx30 distribution in the
brain. Scale bars = 100 um (top) and 10 um (bottom) (C) Top panel shows the enrichment of Cx30-IR
(red) along GFAP+ astrocytic endfeet (green) lining a blood vessel (BV). Bottom panel shows another
BV surrounded by GFAP+ astrocytic fibers and perivascular endfeet (green), with strong colocalization

of Cx30 and Cx43 (blue), as expected from the literature. Scale bars =5 um.

Figure 2. Depressed Suicides show no change in the density of Cx30-IR compared to controls in the

anterior cingulate cortex.

(A) Density of total Cx30-IR puncta in the ACC of depressed suicides without (DS-nCA, N=5)) or with
(DS-CA, N=7) a history of child abuse and Controls (N=11). No difference between groups was found
(Kruskal-Wallis ANOVA: H(2,23) = 0.3268, P =0.84). (B) No effect of substance abuse was found on the
density of Cx30 in depressed suicides. Depressed suicides without (DS-nSub, N=7) or with (DS-Sub,
N=5) a history of substance abuse showed similar densities of Cx30 compared to controls (N=11)
(Kruskal-Wallis ANOVA: H(2,23) = 0.02247, P=0.99). (C) Previous medication with antidepressants had
no effect on the densities of Cx30 in the ACC. Depressed suicides without (DS-nMed, N=8) or with (DS-

Med), N=4) a known antidepressant prescription the last 3 months before death showed similar densities
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of Cx30 compared to controls (N=11) (Kruskal-Wallis ANOVA: H(2,23) = 0.3308, P=0.85). (D) No
correlation between Cx30-IR and post-mortem interval (P=0.63) or (E) age (P = 0.33) was found,
indicating overall that the absence of changes in Cx30 density between cases and controls is likely not

linked to covariables.

Figure 3. Specific decrease in Cx30-1R mapping to oligodendrocytes and myelinated fibers in the

anterior cingulate of depressed suicides.

(A) Drawing illustrating astrocyte-oligodendrocyte (A/O) gap junction coupling at the soma and around
myelinated axons through heterotypic pairing of Cx30 or Cx43 on the astrocyte (colored in green) side,
with Cx32 and Cx47 respectively on the oligodendrocyte (colored in red) side. Adapted from Orthmann-
Murphy et al., 2007, Journal of Neuroscience, 27, 13949-13957. (B) Changes in A/O pairing between
controls and depressed suicides was first addressed through quantification of Cx30-IR (green) mapping
onto oligodendrocytes cells bodies stained with Nogo-A (red). Cx30-IR is found surrounding
oligodendrocytes cells bodies and colocalizing in this example with GFAP+ astrocytes (grey). Depressed
suicides, regardless of history of child abuse, showed a decrease in Cx30-IR mapping onto Nogo-A+
oligodendrocytes (Kruskal-Wallis ANOVA: H(2,23)=9.09, P<0.05; Dunn’s multiple comparisons tests:
Controls (N=11) vs DS-nCA (N=5) and Controls vs DS-CA (N=7), P<0.05). Scale bar = 2um. (C)
Changes in A/O pairing between controls and depressed suicides was also assessed though quantification
of Cx30-IR (red) onto myelinated axons visualized with Myelin Proteolipid Protein (PLP, green). We
found differences between groups (Kruskal-Wallis ANOVA: H(2,24) = 7.471, P<0.05), with Cx30-IR
decreased along PLP-IR myelinated axons in depressed suicides regardless of history of CA, although
differences were more statistically robust in DS-CA (Dunn’s multiple comparison test, Controls (N=10)
vs DS-CA (N=11): P<0.05), as only a trend was detectable between DS-nCA and controls (Dunn’s
multiple comparison test, Controls vs DS-nCA (N=6): P<0.1). Densities of Cx30 on PLP-IR myelinated
axons were however similar between DS-CA and DS-nCA (Dunn’s multiple comparison test, DS-nCA vs

DS-CA: P=0.99). Scale bar = 0.5 um (D) Changes in Cx30-IR mapping seem specific to A/O gap
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junction coupling since no change between groups (Controls, N= 8; DS-nCA, N=8; DS-CA, N=9) was
observed in Cx30-IR (green) mapping onto blood vessels stained with laminin (red) (Kruskal-Wallis

ANOVA: H(2,25)= 0.2, P=0.9). *, P<0.05; **, P<01; #, 0.05<P<0.1 (versus Controls). Scale bar = 5 pm.

Figure 4. Genes involved in the scaffolding, trafficking and function of gap junction channels and

cell-cell junctions are differentially expressed in the anterior cingulate cortex of depressed suicides

(A) RNA-sequencing results comparing samples from the anterior cingulate cortex of depressed suicides
with a history of child abuse vs controls were screened to probe the differential expression of a literature-
based list of genes related to gap junction channel scaffolding and function. We found that among genes
coding for major connexins, depressed suicides showed a downregulation specifically for the two
oligodendrocyte-specific connexins Cx32 (GJB1) and Cx47 (GJC2). Major tight junction proteins (TJPs)
such as occluding (OCLN), zona occludens-1 and -2 (ZO1 and Z02), as well as claudin-11/OSP
(CLDN11), an essential component of myelin interlamellar tight junctions were also found to be
downregulated in depressed suicides. Genes coding for connexins binding partners and regulators of gap
junction mediated intercellular communication, such as caveolin-1 and -2 (CAV1 and CAV2) and
alpha/beta catenins (CTNNAL and CTNNBL1) were also found to be downregulated. Of note, several
genes coding for actin-binding proteins thought to bridge connexins to actin microfilament cytoskeleton,
such as drebrin (developmentally regulated brain protein, DBN1) and spectrins were found to be
collectively upregulated in depressed suicides compared to controls. Red and green bars indicate
significant downregulation and upregulation respectively, while grey bars indicate no significant change
in gene expression. The drawing on the right depicts the suggested interactions between these different
components of the gap junction nexus and connexin-interacting proteins, adapted from Dbouk et al., Cell
Commun Signal 2009; 7: 4. Red and green indicate components found to be downregulated or
upregulated, respectively, in the RNA-sequencing dataset. (B) Because the RNA-sequencing dataset was

generated comparing samples from controls and depressed suicides with a history of child abuse (DS-
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CA), a subset of these differentially expressed genes was selected for validation with quantitative RT-
PCR and adding a third group of depressed suicides with no history of child abuse (DS-nCA). Globally
and consistent with the RNA-sequencing results, DS-CA subjects showed a downregulation of
Cx32/GJB1, Cx47/GJC2, CAV1 and CAV2, OCLN and an upregulation of DBN1 (Controls (N=16-23)
vs DS-CA (N=19-25), *=P<0.05, **=P<0.01, #=P<0.1), although these results were not as statistically
robust as observed in the RNA-sequencing dataset. Importantly these changes did not seem specific to a
history of child abuse, as no significant difference was found between DS-CA and DS-nCA for any of
these genes, while DS-nCA showed similar trends towards decreased expression of Cx32/GJB1,
Cx47/GJC2, CAV2 and OCLN (Controls (N=16-23) vs DS-nCA (N=12-24), #=P<0.1). (C) Since
changes in gene expression were not found to be specific to a history of child abuse, we combined both
depressed suicides groups to increase our statistical power and to highlight significant downregulations of
oligodendrocyte connexins Cx32/GJB1 and Cx47/GJC2, CAV1 and CAV2 as well as OCLN (Controls
(N=16-23) vs Depressed Suicides (N=33-48), *=P<0.05, **=P<0.01). The upregulation of DBN1
observed in the RNA-seq dataset was however not validated, although a small trend towards increased

expression was detectable (Controls (N=23) vs Depressed Suicides (N=36), P=0.13).
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