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SUMMARY

The subventricular zone (SVZ) is the largest neural stem cell (NSC) niche in the adult brain;
herein, the blood-brain barrier is leaky, allowing direct interactions between NSCs and endothelial
cells (ECs). Mechanisms by which direct NSC-EC interactions in the adult SVVZ control NSC
behavior are unclear. We found that Cx43 is highly expressed by SVZ NSCs and ECs, and
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its deletion in either leads to increased NSC proliferation and neuroblast generation, suggesting
that Cx43-mediated NSC-EC interactions maintain NSC quiescence. This is further supported

by single-cell RNA sequencing and /n vitro studies showing that ECs control NSC proliferation
by regulating expression of genes associated with NSC quiescence and/or activation in a Cx43-
dependent manner. Cx43 mediates these effects in a channel-independent manner involving its
cytoplasmic tail and ERK activation. Such insights inform adult NSC regulation and maintenance
aimed at stem cell therapies for neurodegenerative disorders.

In brief

In this study, Genet et al. describe the role of the gap junction protein connexin 43 in the adult
brain subventricular zone where neural stem cells (NSCs) reside. Genet al. show that vascular
endothelial cell-expressed connexin 43 is an important regulator of adult NSC proliferation and

differentiation.
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INTRODUCTION

In the adult mouse and human brains, neural stem cells (NSCs) reside in two germinal
niches, the dentate gyrus of the hippocampus, or subgranular zone (SGZ), and the
subventricular zone (SVZ) of the lateral ventricles, which is the largest NSC niche. In mice,
both niches allow the replenishment of new neurons throughout life; the SGZ is involved
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in hippocampal neurogenesis, while the SVZ enables olfactory bulb (OB) neurogenesis.
The SVZ is a polarized niche, where neurogenesis is initiated when glial fibrillary acidic
protein (GFAP*) quiescent NSCs (qNSCs) are activated and become epidermal growth
factor receptor (EGFR*) NSCs that give rise to mammalian achaete-shute homolog 1
(Mash-1%) transit-amplifying progenitor cells (TACs).1~* On the ventricular side of the
murine SVZ, gNSCs protrude apical processes with short primary cilia that contact the
ependymal cell layer lining the ventricles and cerebrospinal fluid within the ventricles.1:5:6
On the parenchymal side, gNSCs project long basal endfeet that make direct contact with
blood vessels in the niche.’

In the SVZ, TACs assemble into small clusters and differentiate into chains of doublecortin
(DCX™) neuroblasts®; TACs are fast dividing, while neuroblasts proliferate ten times
slower.2:6.9.10 The chains of neuroblasts, along with some clusters of TACs, migrate
tangentially from the SVZ through a restricted pathway called the rostral migratory stream
(RMS) toward their destination in the OB.211 Once in the OB, neuroblasts exit the

RMS and migrate radially into the granular and periglomerular layers to differentiate

into interneurons.®12-14 |n the adult SVZ, NSCs predominantly undergo symmetric,
differentiative, and consuming divisions to generate TACs, which gradually depletes the
pool of gNSCs over time.1516 Therefore, it is important to understand the signaling cues
between NSCs and the other SVZ niche cells, especially vascular endothelial cells (ECs), to
tightly regulate NSC activation, differentiation, migration, and neurogenesis.

It is well established that the SVZ microvascular ECs are fundamental to the niche and
support NSC self-renewal, maintenance, proliferation, differentiation, and migration of
neural progenitor cells (NPCs).1718 Several studies have highlighted the role of paracrine
signaling between vascular ECs and NSCs in the SVZ via EC-secreted factors, such as
vascular endothelial growth factor (VEGF)-A and VEGF-C,19.20 betacelluline,?! pigment
epithelium-derived factor (PEDF),22 and placental growth factor (PIGF) type 2,23 that
regulate NSC behavior in the SVZ. Moreover, in the SVZ microvasculature, and unlike other
areas of the brain, the ECs that form the blood vessels lack pericyte and astrocyte coverage,
enabling direct contact between NSCs and ECs in this niche.18:24.25 This allows physical
interactions between NSCs and ECs to enable juxtacrine signaling via membrane-bound
proteins and their associated ligands enabling Notch and Ephrin signaling.2>26 Intercellular
junctions, such as gap junctions, also form between NSCs and ECs.2” Gap junctions enable
intercellular signaling via the transfer of ions, metabolites, soluble factors, and molecules of
<1 kDa. In the developing mouse brain, gap junction proteins connexin 43 (Cx43) and Cx26
are differentially expressed and play important roles in the regulation of neurogenesis.28:29
Gap junctions composed of Cx43 are known to form between NSCs and ECs in the mouse
SVZ and RMS at various postnatal stages.2” However, the role of EC- or NSC-expressed
Cx43 in the regulation of adult SVZ neurogenesis is not known and is the focus of this study.

Herein, using an /n vitro Transwell co-culture system, we showed that Cx43-mediated
interactions between NSCs and ECs decrease NSC proliferation and increase their survival.
Furthermore, in adult mice in which Gjal, which encodes for Cx43 protein, has been
conditionally deleted in either NSCs or ECs for 1 week, there is an initial increase in NSC
activation and the generation of DCX™* neuroblasts. However, after 4 weeks’ deletion, there
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is a significant reduction of gNSCs in the SVZ and increased neurogenesis in the OB.
Finally, we show that deletion of GjaZ in ECs impairs the repopulation of the SVZ niche
upon infusion of the antimitotic drug cytosine-p-arabinofuranoside (Ara-C). Collectively,
these studies suggest that Cx43-mediated interactions between NSCs and ECs maintain
NSC quiescence in a channel-independent manner involving ERK signaling to regulate
neurogenesis in the adult SVZ. Such insights can be applied to the development of ex vivo
biomimetic engineered SVZ niches to further study NSC regulation and to potentially use
them to treat neurovascular disorders such as stroke.

NSC-EC co-culture decreases NSC proliferation in a Cx43-dependent manner

To investigate the effects of ECs on NSC behavior, we used a two-dimensional (2D)
Transwell system in which ECs were co-cultured in contact with NSCs, allowing direct cell-
to-cell interactions (Figures 1A and 1B). In this co-culture model, we used the commercially
available bEnd.3 cells (American Type Culture Collection [ATCC]) as ECs and ANS4-GFP
as NSCs. The ANS4-GFP cells are known to be representative of adult NSCs in the SVZ,

as they express genes enriched in adult NSCs and are capable of differentiating into neurons
and astrocytes when subjected to a permissive differentiation environment.30 NSCs were
seeded in the absence of epidermal growth factor (EGF) and fibroblast growth factor (FGF)
(the growth factors that support NSC survival and growth) to specifically assess the role of
ECs in the regulation of NSC behavior. We observed that ECs promote NSC survival, while
NSC proliferation measured via EdU incorporation is significantly decreased (Figures 1C
and 1D). Bulk mRNA sequencing (RNA-seq) of NSCs in co-culture with ECs revealed that
genes associated with NSC quiescence, such as Gfap, Sox9, and Proml1, are upregulated,
while genes associated with NSC activation, such as Egfrand Ccnel, are downregulated in
comparison with NSCs cultured alone (Figure 1E). Gene Ontology (GO) analysis revealed
that genes associated with neurogenesis are downregulated in NSCs when co-cultured with
ECs (Figure 1F). Additionally, gPCR analysis performed on NSCs co-cultured with ECs
showed increased mMRNA levels of Gfap, Nestin, and Glast, genes associated with NSC
quiescence, while expression of Egfr, Mash1, and Cyclin E, genes associated with NSC
activation, is decreased (Figure 1G). Interestingly, these effects were not observed in in non-
contacting co-culture conditions, suggesting that they are not mediated by soluble factors
secreted by ECs (Figure S1A).

The RNA-seq analysis also revealed the upregulation of potential regulators of NSC-EC
interactions (Figure 1E), including GjaZ (also referred to as Cx43), which encodes the

gap junction protein Cx43. This was of interest to us, as we previously found that Cx43
mediates interactions between ECs and vascular mural cells.3! Thus, we used gPCR analysis
to confirm that Cx43 expression is increased in NSCs when co-cultured with ECs (Figure
1H). To determine whether Cx43 plays a role in mediating NSC-EC interactions that lead

to changes in NSC gene expression, we used small interfering RNA (siRNA) to suppress
Cx43expression in ECs and then co-cultured them with NSCs. This resulted in significantly
decreased Gfapand G/ast mRNA levels and significantly upregulated Egfr, Mash1, and
Cyclin EmRNA levels (Figure 11). Conversely, when we silenced Cx43in NSCs and then
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co-cultured them with ECs, we did not observe changes in NSC genes expressions (Figures
S1B-S1F). Collectively, these results suggest that ECs may enhance NSC survival and
quiescence in Cx43-dependent manner.

ECs and NSCs in the adult brain SVZ highly express Cx43

In our RNA-seq studies, we found that Gja1/Cx43was the only gap junction gene
significantly upregulated in NSCs when co-cultured with ECs (Figure 1E); however, both
cell types have been shown to express other Cx proteins.32:33 Thus, we measured the
expression of different Cx proteins in ECs and NSCs /n vivo in the adult mouse brain

SVZ. Using immunohistochemistry and antibodies against different Cx proteins and CD31,
which is expressed by all ECs, we found a low percentage of ECs expressing Cx26

and Cx31, while a high percentage of ECs express Cx43 (Figure 2A). To evaluate the
expression of Cx proteins in NSCs in the murine SVZ, we first labeled the NSCs using a
BrdU-labeling protocol in which label-retaining cells (LRCs) represent gNSCs.34 We found
that a percentage of SVZ LRC-NSCs express multiple Cx proteins, and a higher percentage
of LRC-NSCs express Cx43 (Figure 2B), like ECs. To determine whether Cx43 is present
between NSCs and ECs in the SVZ /n vivo, we performed immunohistochemistry and
high-resolution confocal imaging of SVZ coronal sections. We found punctate-like Cx43
expression between CD31* ECs and GFAP*SOX2* NSCs, as well as between SOX2* cells
of the ependymal layer (Figure 2C).

To determine whether NSC- and/or EC-expressed Cx43 plays a role in the regulation

of NSCs in the adult brain SVZ, we used Gja1X/flox mice (hereafter referred to as
Cx43"M mice) and an inducible loss-of-function genetic approach. To selectively delete
Cx43in ECs, we crossed Cx43" with Cah5CreERTZ to generate Cx43ECHKO mice, and to
selectively delete Cx43in NSCs, we crossed Cx43™"" mice with GlastCrelERTZ to generate
Cx43Glast’O mice. To validate Cre-mediated recombination in ECs and NSCs in these
models, we crossed both Cx43ECKO and Cx43GlastiK© mice with ROSA™/MG mice in
which, upon tamoxifen (Tx) injection, cell membrane-localized tdTomato converts to GFP
in Cre recombinase-expressing cells. We performed recombination and genetic deletion in
6-week-old young adult mice with Tx injection, as shown in the timeline in Figure 2D. As
expected, we observed GFP* ECs in the SVZ of Cx43ECIKO; ROSAMT/MG mice and GFP*
NSCs in the SVZ of Cx43GlastiKO; ROSAMT/MG (Figure 2E).

To further confirm the loss of Cx43 expression in our mouse models, we also performed
immunostaining with antibodies against CD31 to label ECs and antibodies against SOX2
and GFAP to co-label NSCs. In the SVZ of Cx43ECIKO mice, we found loss of Cx43
expression in the CD31* ECs and maintenance of Cx43 expression in ependymal cells

and NSCs. In the SVZ of Cx43Glast!KO mice, we found Cx43 expression was lost in
GFAP*SOX2* NSCs, while ECs and ependymal cells retained expression (Figure 2F). Cx43
deletion efficiency in ECs of Cx43ECKO and NSCs of Cx43Glast!KC was confirmed via
gPCR analysis of primary SVZ cells dissociated and isolated into EC (CD31*CD45 Glast™)
and NSC (Glast*CD45-CD31") fractions using fluorescence-activated cell sorting (FACS)
(Figure S2). Our studies showed that in Cx43ECKO mice, ECs lost ~90% of Cx43
expression, which was maintained in NSCs. Conversely, in Cx43GlastiK© mice, Cx43
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expression was suppressed by ~75% in NSCs and maintained in ECs (Figure 2G). These
results demonstrate effective deletion of Cx43 in SVZ ECs and NSCs in Tx-induced
Cx43ECKO and Cx43GlastiKO mice, respectively.

Cx43 deletion in ECs or NSCs depletes gNSCs in the adult SVZ

We next analyzed the consequences of short-term (1 week post-Tx) and long-term (4 weeks
post-Tx) deletion of Cx43in Cx43ECKO and Cx43Glast’KC mice, compared with control
Cx43M on the number of qNSCs and activated NSCs (aNSCs) and neuroblasts in the adult
SVZ (Figures 3A and 3B). The identification of gNSCs is a challenge because of the lack
of specific markers. In our study, we used combined expression of the astrocytic marker
GFAP and the neural stem and progenitor cell marker SOX2 to identify NSCs.2%:35:36 Ag
SOX2 and GFAP are expressed by both qNSCs and aNSCs, 18 we injected Cx43ECIKO and
Cx43Glast’O mice, at 1 and 4 weeks post-Tx, with EdU 24 h prior to sacrifice to measure
gNSCs (EdU™) and aNSCs (EdU™").

At 1 week post-Cx43 deletion, we observed a decrease in the number of GFAP*SOX2*EdU~
gNSCs in both Cx43ECIKO and Cx43Glast’ O SVZ (Figures 3C and 31) and further
reduction at 4 weeks post-Tx (Figures 3F and 3I). Additionally, the absence of GFAP*

cells co-expressing S100p in the striatum of the mutant SVZs shows that the decrease

in qNSCs observed at 4 weeks post-Cx43 deletion is not due to abnormal astrogliosis
(Figure S3A). We also observed significantly increased EGFR*SOX2*EdU* aNSCs in

both mutant SVZs at 1 week post-Tx (Figures 3D and 3J); however, at 4 weeks post-Tx,

the number of aNSCs was significantly decreased (Figures 3G and 3J). Neuroblasts,
identified via expression of DCX, were significantly increased in both Cx43ECKO and
Cx43GlastO SVZ at 1 week post- Cx43 deletion (Figures 3E and 3K), while their number
was significantly reduced in both mutants at 4 weeks post-Tx (Figures 3H and 3K).
Furthermore, we used Cx43GlastiKO;ROSAMT/MG mjce to perform lineage tracing at 1 week
post- Cx43 deletion. We found DCX™ neuroblasts (Figure S3B, white arrowheads) localized
within the recombinant GFP* population, supporting that the neuroblasts generated in the
Cx43GlastO SVZ (Figures 3E and 3K) were derived from Cx43-deficient NSCs.

Elsewhere in the brain, with exception of the SVZ, vascular ECs interact with astrocytes and
pericytes via Cx43, which promotes their blood-brain barrier (BBB) function.3’-39 Thus,
we sought to determine whether deletion of Cx43in vascular ECs or Glast-expressing
astroglial cells compromised BBB integrity and caused vascular leakage. To assess vascular
permeability, we injected Cx43" Cx43ECIKO, and Cx43Glast’K® mice with 2% Evans
blue 24 h prior to sacrifice, as depicted in Figure S4A, and evaluated vascular leakage in
brain and liver tissues. As expected, we did not observe vascular leakage in the control
brains; there was also no leakage in the mutant brains (Figure S4B). In contrast, in liver
tissues that lack barrier function, leakage of Evans blue dye from the vasculature was
evident throughout control and mutant tissues (Figure S4C). In addition, using Vascupaint
green perfusion, we did not observe any differences in Cx43ECKO and Cx43GlastKO brain
microvasculature morphology at 4 weeks post-Tx, compared with Cx43™# controls (Figures
S4D and S4E). Thus, deletion of Cx43in vascular ECs or astroglial cells does not appear

to compromise BBB integrity in the adult brain. We also measured brain and OB areas
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and found no differences between Cx43™" control mice and Cx43ECIKO and Cx43GlastiO
mice after short- or long-term deletion of Cx43 (Figure Sb).

Single-cell RNA sequencing analysis of ECs and NSPCs isolated from Cx43ECKO and
Cx43GlastKO svzs

To gain a deeper understanding of the Cx43-dependent molecular regulation of NSC
behavior, we employed a single-cell RNA sequencing (scRNA-seq) approach. We dissected
the lateral walls of the lateral ventricles of Cx43Vfl, Cx43ECIKO, and Cx43Glast! O mice
at 1 week post-Tx (Figure 4A). After microdissection, we dissociated the SVZ cells and
FACS-isolated ECs (CD31*Glast"CD45™) and neural stem and progenitor cells (NSPCs;
CD31 Glast*CD45") that were used for scRNA-seq analysis. After filtering, samples (2,159
cells for Cx43M 3,242 for Cx43ECKO, and 2,029 for Cx43GlastiKC) were processed for
single cell barcoding and downstream mRNA library preparation and sequencing (Figure
4B). Relative RNA expression of known marker genes associated with gNSCs, aNSCs,

and NPC:s (i.e., transit-amplifying progenitor cells and neuroblasts), as well as ECs and
astrocytes, were used to annotate the 5 populations.4%-43 More specifically, cells exhibiting
high relative mRNA expression of (1) Gfap, Sox2, and Prom1 are qNSCs; (2) Egfrare
aNSCs; (3) Ascl1, Mki67, Dcx, Sox4, Sox11, and CcndZ2are NPCs; (4) Pecam1 are ECs;
and (5) S100p are astrocytes (Figures 4C and 4D). To further support the results presented
in Figure 3, we show at the single-cell level that mRNA expression of genes enriched for
neuroblast identity, including Sox4, Sox11, and Dcx, are upregulated in the NPCs isolated
from the SVZ of Cx43ECKO and Cx43Glast O mice (Figure 4E). These results support
that absence of Cx43expression in either ECs or NSCs upregulates the expression of genes
enriched for neuroblast identity.

Cx43 deletion in ECs or NSCs increases neuroblast generation in the RMS and
neurogenesis in the OB

As neuroblasts generated in the SVZ migrate toward the OB via the RMS, we next assessed
whether increased neuroblast generation in the Cx43ECKOC and Cx43Glast’KC SVzs at 1
week post-Tx leads to increased neuroblasts in the RMS (Figure 5A). On brain sagittal
sections immuno-stained with anti-DCX, we analyzed the anterior portion of the RMS
recognized by its elbow-shaped morphology (Figures 5B and 5C). In this region, we found
significantly increased DCX* neuroblasts in Cx43ECIKO and Cx43Glast’<C mice, compared
with Cx43% controls (Figures 5D and 5E). We next examined whether the observed
increase in neuroblasts in Cx43ECIKO and Cx43GlastiKO RMS at 1 week post-Tx affects
neurogenesis in the OB. To do so, we used a LRC protocol (Figure 5F), in which 6-week-old
young adult mice received 3 consecutive EAU injections on the first 3 days of a 5 day Tx
induction. At 4 weeks post-Tx, mice were analyzed using immunostaining with anti-EdU
and anti-NeuN, to label newborn neurons.244 Interestingly, we observed a significantly
increased number of LRC/NeuN™ interneurons in the granule cell layer (GCL) of both
Cx43ECKO and Cx43GlastiK® OB compared with Cx43% controls (Figures 5G-51).

To determine whether neurons in the Cx43GlastiKO RMS were derived from SVZ NSCs, we
used Cx43Glast!O;ROSAMT/MG mice to perform lineage-tracing studies (Figure S6A). We
found LRC/NeuN™ cells (Figure S6B, white arrows) localized within the recombinant GFP*
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population, supporting that the newborn olfactory neurons generated in the Cx43GlastiKO
SVZ (Figures 3E and 3K) were derived from Cx43-deficient NSCs. Importantly, the increase
in newborn neurons in Cx43ECKO and Cx43Glast’K® OB was not a consequence of
neuronal death, as we did not observe changes in apoptosis levels in Cx43ECIKO and
Cx43Glast’KO OB measured via immuno-staining for cleaved CASPASE-3 (Figures S6C—
S6E). Collectively, these results suggest that the short-term deletion of Cx43in ECs or NSCs
leads to decreased gNSCs and increased aNSCs in the SVZ, as well as increased neuroblast
generation in the SVZ and RMS. After long-term deletion of EC- or NSC-expressed Cx43,
the gNSC pool in the SVZ is further depleted, while aNSCs and neuroblasts are exhausted
from the SVZ, and neurogenesis is increased in the OB. Thus, both EC- and NSC-expressed
Cx43 contribute to the regulation of adult SVZ neurogenesis.

EC-expressed Cx43 is necessary for SVZ niche repopulation

Our studies suggested that NSC quiescence and maintenance in the SVZ niche is regulated
by ECs in a Cx43-dependent manner. Thus, we tested whether lack of EC-expressed

Cx43 would impair NSC-mediated SVZ niche repopulation after depletion of all S\VZ
proliferating cells (aNSCs, TACs, and neuroblasts) via the antimitotic drug Ara-C (cytosine-
B-D-arabinoside). At 1 week post-Tx injections in Cx43ECKO and Cx45/M control mice,
Ara-C (2%) or saline (control) was infused directly in one of the two lateral ventricles
(ipsilateral) via a cannula connected to a subcutaneously implanted micro-osmotic pump
for 6 consecutive days (Figures 6A and 6B). EdU was administered to label actively
proliferating cells 24 h prior to sacrifice. The intracerebroventricular injection coordinates
were verified via injection of 1% Fast Green dye, as previously described®® (Figure S7).

We first confirmed that Ara-C treatment depleted all EAU* proliferating cells (Figures 6C
and 6D), as well as DCX* neuroblasts (Figures 6E and 6F), in the SVZ. Importantly, we
observed increased DCX* neuroblasts in control, saline-infused Cx43ECIKO SVZ compared
with Cx43/fl (Figures 6E and 6F). These results are consistent with data shown in Figure
3K, which demonstrates that short-term deletion of Cx43in Cx43ECKO |eads to increased
SVZ neuroblasts. Subsequently, we analyzed the number of DCX™* neuroblasts in the SVZ

6 days after saline or Ara-C withdrawal (Figure 6G, chase period). DCX* neuroblasts

were significantly reduced in saline-treated Cx43EC'KO SVZ, compared with Cx451/f
(Figures 6H and 61), which is also consistent with Figure 3K that shows reduced DCX*
neuroblasts after long-term deletion of Cx43in Cx43ECKO SVZ. In addition, we found that
DCX* neuroblast repopulation in Ara-C-treated Cx43ECKO SVZ is significantly reduced
compared with Ara-C-treated Cx43/fl S\VZ (Figures 6H and 61). Thus, absence of Cx43in
ECs impairs the repopulation of the SVZ niche post-Ara-C treatment, further supporting that
Cx43 expression in ECs contributes to the maintenance of the gNSC pool in the SVZ and
prevents their premature activation and depletion.

Cx43 cytoplasmic tail mediates EC-induced NSC quiescence in an ERK-dependent manner

We next investigated the mechanism(s) by which Cx43regulates NSC-EC interactions

to maintain NSC quiescence. Cx43 can function in a channel-dependent or channel-
independent manner; thus, we created lentiviral constructs to express Cx43 mutant proteins
to perform structure-function studies to determine how Cx43 mediates NSC-EC interactions.
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To investigate channel-dependent functions, we generated a Cx43 channel-dead mutant
(Cx43T154A,) that allows gap junction channel formation but blocks Cx43 channel
activity.%6 To investigate channel-independent functions, we generated mutant Cx43 that
lacks its cytoplasmic tail (Cx43CTA258),*" which can mediate intracellular signaling,
independent of channel formation.*8 ECs and NSCs were treated with si Cx43to suppress
endogenous Cx43 expression, and then transduced with lentiviral constructs to express
the mutant Cx43 proteins. Expression of the Cx43 cytoplasmic tail truncated mutant
(Cx43CTA258, 1 ug) led to a significant downregulation of genes associated with NSC
quiescence (Gfap, Nestin, and Glast), while expression of the Cx43 dead-channel mutant
(Cx43T154A, 0.5 ug) had no effect on NSC gene expression (Figures 7A, S8A, and
S8B). Additionally, when we treated both NSCs and ECs with 43gap 26 peptide (100
nM), which blocks Cx43 channel activity, we did not observe any changes in NSC gene
expression associated with either quiescence or activation (Figure 7B). Thus, it appears that
EC-mediated NSC quiescence is regulated by Cx43in a channel-independent manner. We
assessed whether overexpression of Cx43in NSCs alone was sufficient to suppress NSC
proliferation, as measured via EdU incorporation, and found that Cx43 overexpression in
NSCs does not affect their proliferation (Figures S8C-S8G).

It is known that the Cx43 cytoplasmic tail is involved in the activation of downstream
effectors involved in ERK signaling,*849 and interestingly, we observed increased ERK
activation in NSCs when co-cultured with ECs and the latter is abrogated in NSCs co-
cultured with ECs silenced for Cx43 (Figures 7C and 7D). Furthermore, inhibition of ERK
signaling with U0126 (10 uM) in NSCs co-cultured with ECs abolished the effect of ECs
on NSC expression of genes associated with quiescence (Figure 7E). Finally, the sSCRNA-seq
analysis of NPCs isolated from SVZs of Cx43Vfl Cx43ECIKO, and Cx43GlastKC mice
revealed that the expression of genes known to be directly induced downstream of the ERK/
MAPK signaling pathway (i.e. Jun, Fos, Ets1, Ccnd1, Sp1, and Myc)>0 are downregulated
in NPCs from both knockout (KO) models (Figure 7F), Interestingly, the scRNA-seq
analysis also revealed decreased expression of several mMRNAs encoding proteins known

to directly interact with the cytoplasmic domain of Cx43, such as B-catenin and ZO-1,5% in
NPCs isolated from Cx43ECIKO and Cx43Glast’KC SVZ (Figure 7G). Collectively, our data
support a role for the Cx43 cytoplasmic tail in the regulation of NSC quiescence via ERK
activation. Our in vitroand /n vivo findings are summarized in the graphical abstract.

DISCUSSION

NSCs in the adult brain SVZ reside in a vascularized niche, which is known to regulate their
proliferation, migration, and differentiation via niche cell-derived secreted factors,21:22:52-56
It is also well established that NSC basal endfeet are in direct contact with vascular ECs,
allowing neuro-vascular interactions.” Little is known about the role of direct NSC-EC
contact in the regulation of adult SVZ maintenance and neurogenesis. In these studies, we
investigated the role of EC- and NSC-expressed Cx43 therein.

Cx43 is known to be expressed in both the embryonic and adult SVZ, where it maintains
NSC survival, and can also either promote or arrest NPC proliferation.2”57-60 That is,
during embryonic brain development, Cx43 is required to maintain mouse cortical NPCs in
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a proliferative state.>” In contrast, in post-natal and adult neurogenesis, Cx43expression is
increased in SVZ NPCs and is inversely correlated with their proliferation, as assessed using
BrdU labeling.>’

Our data are consistent with, and extend, these previous observations. We show that deletion
of Cx43in either ECs or NSCs in the adult SVZ leads to increased NSC activation and
depletion of the gNSC pool over time. This results in increased neuroblasts in the RMS and
ultimately increased newborn neurons in the OB. Whether increased newborn neurons in the
OB lead to functional neurons that fully integrate into the olfactory neuronal circuits and
modifies olfactory function in these Cx43-deficient mice is not yet known.

We further show that ECs regulate NSC quiescence via ERK activation, in a Cx43-
dependent manner. This result is consistent with a previous study showing that in the adult
SVZ, ERK1/2 is activated only in qNSCs and, in the aged SVZ, there is reduced pERK1/2
signaling, associated with depletion of the gNSC pool.61 Whether Cx43 expression in the
SVZ is reduced with aging and mediates age-related decreased ERK activation and NSC
quiescence remains to be determined.

During embryonic brain development, the non-channel function of Cx43 directs neuronal
migration via Cdk5 phosphorylation of its cytoplasmic tail.®2 Herein, we found that Cx43-
mediated NSC quiescence in the adult brain is also dependent of its cytoplasmic tail,
suggesting a channel-independent function. Over-expression of Cx43 in NSCs does not
mimic the effects of EC-expressed Cx43 on NSC behavior or gene expression. Thus,
although it is possible that, in NSCs, ERK signaling via the Cx43 cytoplasmic tail

enables the activation of downstream effectors that promote NSC quiescence, the regulatory
mechanisms are likely to be more complex. Nevertheless, we found that expression of
Ctnnb1and Tjpl, genes encoding for B-catenin and ZO-1 proteins, respectively, are
downregulated in NPCs isolated from Cx43ECKO and Cx43GlastC Svz. B-Catenin and
Z0-1 are known to interact directly with the Cx43 cytoplasmic tail and activate MAPK/ERK
signaling.5364 Further mechanistic studies are required to determine how Cx43, possibly via
[B-catenin/ZO-1 interactions, regulate ERK activation to promote NSC quiescence.

In the dentate gyrus of the hippocampus, the other neurogenic niche of the adult brain,
Cx43 is thought to regulate neurogenesis in a channel-dependent manner.85 However, unlike
in our studies, in which we deleted Cx43in either ECs or NSCs with Cah5CreERT2 and
GlastCreERT2 mice, respectively, the previous study used NestinCreERT2 mice crossed

with Cx431G138R mice that express a point mutation in the cytoplasmic loop of

Cx43 causing channel closure without affecting protein-protein interactions mediated by
Cx43.%5 Furthermore, we performed additional mechanistic /7 vitro studies and scRNA-seq
analysis that collectively support a non-channel function of Cx43 in the regulation of adult
neurogenesis.

Interestingly, our /n vivo results show the same outcome whether Cx43 is deleted in ECs
or NSCs while, in vitro, only EC-expressed Cx43 mediates effects on NSC proliferation
and survival. There are many differences between the two systems that can account for
this finding, including lack of other SVZ components in NSC-EC co-cultures that may be
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important for this regulation. In addition, in the /n vitro studies, NSCs were silenced for
Cx43prior to co-culture with ECs, while /n vivo NSCs and ECs were in contact prior to
Cx43deletion in either ECs or NSCs. Thus, there are likely more complex interactions
between ECs and NSCs, and perhaps other cell types, in the SVZ niche that depend on EC-
and NSC-expressed Cx43.

In summary, we used both /in vitroand in vivo approaches to gain insight into the role of
Cx43 in the regulation of NSCs in the adult SVZ. We show that EC- and NSC-expressed
Cx43 is required to maintain NSC quiescence. Further mechanistic studies are needed

to determine exactly how Cx43 regulates NSC behavior in the adult SVZ, and our /in

vitro studies suggest that this occurs in a channel-independent manner. Such insights can
be applied to the bioengineering of a NSC niche ex vivo that better mimics its /in vivo
environment, to enable sustained NSC viability and functional properties aimed at stem cell
therapies for neurological disorders.

Limitations of the study

In this study, we chose GlastCreERT2 instead of NestinCreERT2 mice to specifically address
the role of Cx43 in NSCs without affecting its expression in ependymal cells, where Nestin
is also expressed.1:66 We cannot rule out that the deletion of Cx43in Cx43Glast!KC mice
affects Cx43 expression in astrocytes outside the SVVZ; however, importantly, we show
preserved blood-brain barrier integrity in the Cx43Glast!C mice. Additionally, to further
confirm our mechanistic findings, new mouse models that either lack the Cx43 cytoplasmic
tail (CTA258) or are Cx43 channel dead (Cx43T154A) would be needed.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources should be directed and will
be fulfilled by the lead contact, Karen K. Hirschi (kkhdyy@virginia.edu).

Materials availability—All unique materials and reagents will be available upon request
to the lead contact.

Data and code availability

. The single cell RNA seq data of SVZ populations have been deposited at Gene
Expression Omnibus database (GEO) and are publicly available. The accession
number for the dataset is listed in the key resources table.

. This paper does not report original code.

. Any additional information regarding the data reported in this work is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Male and female mice were used to minimize gender-related biased results.
All animal protocols and procedures were reviewed and approved by the University
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of Virginia Animal Care and Use Committee (protocol #4277) and complied with all
ethical regulations. Cah5CreERT21Rha (also referred to as VE-CadherinCreERT2)67.68 ang
GLASTCreERT2 (5/c123CreERT2)69 \were gifts from Drs. Ralf Adams and Jean Lé on
Thomas labs, respectively. Gja170x7lox (also referred to as Cx410X/flox) and ROSAMT/MG
mice were commercially purchased. For genetic loss-of-function studies, Cah5CreERT2
and GLASTCreERT2 animals were crossed to mice carrying a loxP-flanked GjaZ gene
(Cx4F10x/flox) 1o create Cx43ECIKO and Cx43GlastiKO, respectively. Mice were maintained
under standard pathogen-free conditions. To induce Cre activity in Cx43ECIKO and
Cx43GlastO, 6-week-old young adult mice received intraperitoneal (i.p.) injections of
Tamoxifen (Tx, 2mg/day) for 5 consecutive days, which resulted in ~90% and ~75% Gjal
deletion in ECs of Cx43EC'KO and NSCs of Cx43Glast’KO respectively, as assessed by
gPCR (Figure 3E). Tx-injected Cx4310X/flox |jttermates were used as controls. Mice were
analyzed at: (1) 8-week-old after 1 week-post final Tx injections for short-term deletion
studies and (2) at 11-week-old after 4 week-post final Tx injections for long-term deletion
studies. For Ara-C studies, mice were analyzed at 2- and 3-week-post final Tx injection. To
label actively proliferating progenitors in the SVZ, mice received an i.p. injection of EdU
(50 mg/kg) 24 h prior to sacrifice. We used label retention to identify quiescent NSCs that
are slow-cycling cells, also known as label retaining cells (LRC) that retain BrdU or EdU for
extended periods due to their relatively long cycling times.18.70.71 To do so, mice received
5 consecutive injections of BrdU or 3 consecutive EdU injections on the first 3 days of the
5 days of Tx injections, mice were analyzed 4-weeks post-Tx at 11-week-old. For Ara-C
studies, the mice were 9-week-old for the depletion studies and 10-week-old for the chase
studies at the time of analysis.

METHOD DETAILS

Mouse genotyping—Ear sample DNA was lysed using the hotshot method. Samples
were lysed in alkaline lysis reagent (pH 12) containing 25mM NaOH and 0.2mM EDTA
for 1 h at 90°C. Subsequently, samples were neutralized using 40mM Tris-HCI. PCR was
performed in PCR-ready tubes (Bioneer Inc. K-2016) containing 1uL of DNA sample and
12.5 mM primers for a final reaction volume of 20uL adjusted with RNAse-free H,O. PCR
genotyping primers sequences are documented in Table S1.

FACS isolation of primary ECs and NSCPs from mouse brain cortex and SVZ
—Brain cortex and SVZ were harvested (5 brains at a time to maximize cell viability),
minced into small pieces of ~1 x 1 mm in size, then subjected to enzymatic dissociation in
collagenase/dispase (Roche, 100 mg/ml stock) solution for 30 min at 37°C in a hybridization
oven with constant rotation.”2 Subsequently, the digested tissues were triturated in 2%

FBS in PBS supplemented with DNAse (10 mg/mL stock solution) with a P1000 pipette
(~100x). Afterward, debris and myelin were removed with Percoll, cells were pelleted

by centrifugation and resuspended in HBSS/BSA/glucose buffer for immunostaining.
Antibodies (listed in key resources table) were added to the resuspended cells (1 pL of
antibody/10° cells) and incubated during 20 min on ice protected from light. Post-immuno-
staining cells were washed with HBSS/BSA/glucose buffer and filtered through a 40 pm

cell strainer. Cells isolated from the cortex were used as unstained, single-color and FMO
controls (each combination of all antibodies except one), as well as isotype controls to set up
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gating and compensation strategy (Figure S2). From SVZ CD45™ cells, ECs (CD31*Glast™
population) and NSPCs (Glast*CD31~ population) were collected using a BD FACS Melody
cell sorter equipped with a 100 um nozzle in pre-filled FACS tubes with EC and NSC media
respectively to cushion the cells. Post-FACS processing, cells are pelleted, snap frozen in
liquid nitrogen and stored at —80°C for RNA isolation.

Library preparation and sequencing—FACS-purified live single cell suspensions
were submitted to the University of Virginia Genome Analysis and Technology Core
(RRID:SCR_018883) for single cell RNA library preparation and next-generation
sequencing. Single cell RNA libraries were prepared using the 10X Genomics Chromium
Next GEM Single Cell 3" Reagent Kit v3.1 (PN-1000121) and Chromium Controller.
Next-generation sequencing was performed using an Illumina NextSeq 2000 Sequencing
System on the P3 flow cell with a 100 bp paired-end sequencing reagent kit. Two
biological replicate samples for each condition were prepared, sequenced, and aligned using
CellRanger v5.0.0 to the mm10 genome. Estimated cell number outputs for each sample
were: Cx43 (1) = 1083; Cx4F/M (2) = 1076; Cx43GlastiO (1) = 710; Cx43GlastiKO
(2) = 1319; Cx43ECIKO (1) = 571; Cx43ECIKO (2) = 2674. Sequencing yielded a mean of
~70,000,000 reads/sample, ~78,000 reads/cell, and ~1,500 genes/cell.

Processing and analysis of single cell RNAseq data—Filtered feature-barcode
matrices generated by CellRanger were further processed using version 4.2 of the Seurat
package (PMCID: PMC8238499) in R. The single cell data for each sample was filtered

to include features detected in at least 3 cells and cells were selected that had at least 200
features expressed. After performing QC metrics guided by plots, we further eliminated
some cells to account for possible dying or dead cells and doublets. We also excluded

cells with more than 10-25% of the transcripts coming from mitochondrial genes. An
improved method based on regularized negative binomial regression “sctransform” (PMCID:
PMC6927181) was used for normalization of the data. We performed data integration
using methods for finding anchors across the datasets (i.e., 2 Cx43fl 2 Cx43ECIKO

and 2 Cx43GlastKO that ensured a comparative analysis across the three experimental
conditions. An integrated downstream analysis of all cells was performed with Seurat using
FindNeighbors and FindClusters functionality and UMAP was used for dimensionality
reduction. For all downstream marker analysis, we used the normalized “RNA assay” for
the identification of cell populations and for comparisons across the three experimental
conditions.

Tissue collection, subventricular zone (SVZ), rostral migratory stream (RMS)
and OB immunohistochemistry and imaging—Mice were sacrificed with a lethal
dose of ketamine (80 mg/kg body weight)/xylazine (8 mg/kg body weight). Mice received
trans-cardiac infusion of 10mL sterile PBS supplemented with 2mM EDTA and 10U/mL
heparin followed by 10mL 3.7% formaldehyde. Brain tissues were post-fixed with 3.7%
formaldehyde at 4°C overnight. Post-fixation, brains were washed 3 times during 30 min
in PBS 1X. SVZ coronal sections, sagittal sections of the RMS and coronal sections

of the OB were collected in a 24-well plate in a sequential manner and subsequently
subjected to a free-floating slice immunostaining protocol. All sections were cut at 50 um
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with a Leica vibratome (VT1000S). Briefly, slices were permeabilized with 0.5% Triton
X-100 for 30 min at room temperature (RT). If EAU staining was required, we proceeded
with EdU staining post-permeabilization following the manufacturer’s protocol (Click-iT -
ThermoFisher C10337). Sections were then blocked with 10% donkey serum in PBS 1X
supplemented with 0.3% Triton X-100 (blocking buffer) for 1 h at RT. After blocking,
sections were incubated with appropriate primary antibodies (listed in Table S2) diluted

in blocking buffer overnight at 4°C, on a low-speed rocking plate. Samples were washed
three times with PBS 1X supplemented with 0.1% Triton X-100 (PBST) then incubated
with respective conjugated secondary antibodies for 1 h at RT. After 3 washes with PBST,
Hoechst (4 uM) was added during 30 min for nucleus counterstaining. SVZ images were
acquired with an inverted Leica SP8 DMi8 high-resolution confocal microscope equipped
with adaptive deconvolution (LIGHTNING, Leica) using 63x or 203 objectives. A series of
3-5 SVZ slices from each animal taken from the same rostro-caudal area, judged by the
shape of the lateral ventricles, of the corpus callosum and the anterior commissure were
imaged. We localized the RMS attached to the OB between a sagittal depth of 3.2—-3.35mm
from the lateral side of the brain toward the midline. For OB analysis, the whole OB was cut
coronally. Images were post-analyzed using ImageJ and Photoshop (Adobe) software.

Evans blue permeability assay—To assess changes in vascular permeability, mice
received an i.p. injection of 2% Evans blue and were sacrificed 24 h later. Prior to brain
and liver harvesting, mice were infused with PBS 1X supplemented with 2mM EDTA and
10U/mL heparin to wash out any traces of blood and maintain vessel integrity. Brains

were post-fixed in 3.7% formaldehyde overnight and imaged using a dissecting microscope
equipped with a digital camera (Leica).

Vascupaint silicone rubber injection—To assess changes in the brain microvaculature,
mice were injected with 4 mL of Vascupaint (green) following the manufacturer’s protocol
(ediLumine, SKU MDL-122). Post-vascupaint injection, brains were harvested and post-
fixed in 3.7% formaldehyde overnight. Brains were then dehydrated with 30%, 60% and
100% methanol successively for 24h each. Post-dehydration, brains were clarified with

1:1 of Benzyl Benzoate (Cat #B6630-1L):Benzyl alcohol (Cat # 305197-1L) for 48h and
imaged using a Nikon SMZ-745T Trinocular 4K Digital Stereo microscope.

Ara-C infusions—2% Cytosine-p-D-arabinofuranoside or Ara-C (Sigma) in saline or
saline alone was infused directly in one of the two lateral ventricles (ipsilateral side) of adult
mice (8-week-old) via a cannula (Alzet brain infusion kit 3) implanted stereotaxically in

a 1mm burr hole drilled on the surface of the brain at the following coordinates: 1.4 mm
lateral and 0.5 mm rostral to bregma.®73 Intracerebroventricular injection coordinates were
verified with the injection of Fast Green dye 1%%° (Figure S7). The cannula was connected
to a subcutaneously implanted micro-osmotic pump (Alzet model 1007D flow rate 0.5 pl/h,
7 days). After 6 days of infusion, the pump was removed, and mice were sacrificed at the
indicated survivals. The success of the Ara-C infusion was evaluated by immunostaining for
the neuroblast marker, DCX and the proliferation marker EdU.
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RNA isolation—RNA from primary ECs and NSCs, as well as bEnd.3 and ANS4-GFP
cells, were purified using RNeasy Plus micro kit (Qiagen). 1 pg of RNA was reverse
transcribed using high-capacity cDNA Reverse transcription kit (Applied Biosystems).
Quantitative PCR was performed on 15 ng cDNA using PowerUp SYBR Green Master Mix
(Applied Biosystems) and the corresponding primers (supplementary Materials and Methods
Table S2). The data were first normalized to actin level in each sample, and the relative
expression levels of different genes were calculated by the comparative Ct method.’#

SiRNA transfection—Cx43siRNA (Smartpool siRNA Cx43, L-051694-00-0005) and the
negative control/SiScramble (Non-targeting pool siRNA, D-001810-10-05) were purchased
from Dharmacon. We transfected bEnd.3 cells when 70% confluent with 60nM siRNA

per six-well plate. Experimentally, lipofectamine RNAimax (Invitrogen) is mixed with
opti-MEM media (Gibco) and incubated at room temperature for 5 min (mix A). 60nM

of SiCx43premixed Opti-MEM is then added to mix A and incubated for 15 min (mix B).
Mix B is then added to bEnd.3 cells DMEM media (ATCC) without penicillin/streptomycin.
The same protocol was used to transfect ANS4-GFP cells with 40nM of SiCx43. 60nM

and 40nM of SiScramble (control) were used to transfect bEnd.3 and ANS4-GFP cells,
respectively, for control experiments. Cells were used for experiments 72 h post-transfection.

Gjal overexpression in ANS4-GFP—Gjal overexpression in ANS4-GFP was
performed using a pcDNA3.1*/C-(K)DYK vector containing mus musculus Gfal (Cx43)
cDNA (GenScript NM_010288.3). Transfection was performed in 6-well plate with
Lipofectamine 2000. To assess proliferation, EAU (5uM) was added to the culture media
24 h post-transfection. At 48 h post-transfection, NSC-GFP were collected for g°PCR

and Western blot analysis to assess transgene expression or fixed for immunofluorescence
studies to assess Cx43 expression and EdU uptake.

Generation of Cx43 mutants—Human GJA (gene for Cx4.3) full length (FL) construct,
Cx43 cytoplasmic tail truncated at amino acid 258 (Cx43ACT258) and dead channel

Cx43 mutant (Cx437154A, mutation that converts threonine 154 into alanine) were PCR-
amplified from pTRE-TIGHT-Cx43-eYFP (gifted from Robin Shaw; Addgene Plasmid
#31807) and cloned into the pcDNA3.1-HA (gifted from Oskar Laur; Addgene Plasmid
#128034). We inserted the PCR fragments at Nhel/BamHI sites by infusion HD-cloning
(Takara Biosciences), to excise HA-tag from the plasmid, rendering the constructs expressed
as tag-less. Site-directed mutagenesis was achieved using Q5Site-Directed Mutagenesis

Kit (NEB, USA). Primers were designed using NEB-Base changer software (Table S3).
Plasmids were sequenced and confirmed by Eurofin Sanger Sequencing Services, USA.

Cell culture—ANS4-GFP cells were gifted from Dr. Steve M. Pollard (University of
Edinburgh). The ANS4-GFP cells are representative of adult NSCs in the SVZ, as they
express genes enriched in adult NSCs and are capable of differentiating into neurons and
astrocytes when subjected to a permissive differentiation environment bEnd.3 cells were
purchased from (ATCC CRL-2299) and cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) (ATCC 30-2002) supplemented with 10% FBS and 1% penicillin/streptomycin.
ANSA4-GFP cells were used up to passage (P) 30 and bEnd.3 up to P16.
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Transwell co-culture of bEnd.3 and ANS4-GFP—Transwell polycarbonate
membranes of a 12-well plate (Corning, catalog #3401) were activated with media and
bottom sides were pre-coated with 0.1% gelatin for 1 h at 37°C. The transwell inserts

were then placed with bottom side facing up in a 100mm tissue culture dish pre-filled

with DPBS and bEnd.3 were then seeded. One hour later, inserts were flipped back in

the wells of the 12-well plate pre-filled with bEnd.3 media and top side was coated with
laminin (10 pg/ml overnight at 37°C). 24 hr-post-bEnd.3 seeding, the membrane was
washed on both sides with serum free media to remove any traces of serum that may

cause differentiation of ANS4-GFP cells. ANS4-GFP cells were then seeded on the top
side of membrane in ANS4 media without growth factors (EGF and FGF). bEnd.3 and
ANS4 were co-cultured at a 1:2 ratio in 100% ANS4-GFP media (supplemented with 5uM
EdU when needed). Membranes designated for ANS4-GFP monocultures were subjected
to the same extracellular matrix coating proteins as co-culture studies. ANS4-GFP were
harvested after 48 h of co-culture with trypsin for either gPCR analysis or fixed with 3.7%
pre-warmed formaldehyde for immunofluoresence studies. For GjaZ knock-down studies:
bENd.3 cells seeded on the bottom side of the membrane were transfected 24 h before
seeding ANS4-GFP cells on the top side and subjected to 48 h of co-culture prior to harvest.
For studies using si Cx43 transfected ANS4-GFP: ANS4-GFP were transfected 24 h prior
to seeding on the top side of the membrane and harvested after 48 h of co-culture. For
studies using human GJAI mutants, ANS4-GFP and bEnd.3 were treated concomitantly
with SiCx43 (see section siRNA transfection) and/or Cx43FL (1ug), Cx43T154A (0.5 pg),
Cx43CTA258 (1 ug) for 6 h. After SiCx43and DNA transfection, cells were subjected to a
media change and harvested after 48 h of co-culture. To block Cx43 channel activity, after
24 h of co-culture, ANS4-GFP and bEnd.3 cells were both treated with 100nM of 43gap 26
peptide (VCYDKSFPISHVR) (Genscript, catalog # RP20274), every 8 h for 24 h. To block
ERK signaling in the co-culture system, ANS4-GFP cells were treated with 10uM of U0126
(Cell signaling catalog #9903S) for 24 h. ANS4-GFP were collected (6-8 wells are pooled
per condition) either for gPCR or Western blot analysis after 48 h of co-culture.

Immunofluorescence of transwell membranes—Insert wells were washed with
DPBS supplemented with CaZ* and Mg?* allowing for cells to remain attached to the
membrane. Cells were fixed with pre-warmed 3.7% formaldehyde in DPBS supplement with
Ca?* and Mg?* for 15 min, then permeabilized with 0.5% Triton X-100 in PBS at room
temperature for 20 min prior to EdU staining (Click-iT, Invitrogen). Cells were then blocked
with 10% donkey serum and 0.1% Triton X-100 (blocking buffer) for 1 h at RT followed

by incubation with primary antibodies, chicken anti-GFP (1:500, Abcam ab13970) for NSCs
and hamster anti-CD31 (1:500, Millipore MAB1398Z) for bEnd.3 cells, in blocking buffer
at 4°C overnight and corresponding conjugated secondary antibodies for 1 h at RT. Hoechst
(5 pg/mL) was used for nuclear counterstaining. Membranes were cut out from inserts and
mounted with DAKO mounting media (Agilent). Images were acquired with a DMi8 SP8
confocal microscope at 4 different viewing fields and analyzed in ImageJ.

Bulk RNA sequencing—mRNA samples from ANS4-GFP and ANS4-GFP cells co-
cultured with bEnd.3 (for 72 h) were isolated using RNeasy Plus Micro Kit (QIAGEN,
cat# 74034). Next-generation whole transcriptome Illumina sequencing (HiSeq4000) was
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performed by the Yale Center for Genome Analysis. Fastg-files of raw reads were generated
with bel2fastq2_v2.19.0 and then uploaded to the usegalaxy.org platform?® for quality
control and trimming (Galaxy ToolShed v 1.0.2; FASTQ/A short-reads pre-processing tools:
http://hannonlab.cshl.edu/fastx_toolkit/).”6:77 Sequences were aligned to the hg38genome
using Kallisto”® and aligned sequences were quantified with Sleuth.”® Differential gene
expression analysis was performed with the Sleuth package in R by the Likelihood Ratio
Test with regression of the experiment number to account for batch effects.

Western Blot—Cells were lysed in RIPA buffer (Abcam, ab206996) and equal amounts
of proteins (quantified with Pierce BCA assay kit, Thermo Fisher, 23252) were separated
on 4-15% gradient Criterion precast gels (Bio-Rad 567-1084). Proteins were then
transferred onto nitrocellulose membranes (Bio-Rad). Western Blots were developed with
chemiluminescence HRP substrate (Radiance plus, Azure Biosystems AC2103) on a digital
image analyzer, Azure Imager ¢300. Uncropped western blots are shown in Figure S9.

Label retaining cell (LRC) protocol—Wild-type mice received BrdU (7.5 mg/ml) i.p
injections twice daily for 5 days and sacrificed 4 wk after the last injection. Quantification
of connexin protein colocalization with LRCs or ECs was performed on confocal z stack
images by a computational approach using FARSIGHT for nuclear segmentation and
MATLAB.34

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis and statistics—The Mann-Whitney non-parametric test for unpaired
samples was used to analyze continuous variables between groups. When two or more
groups were being compared, the parametric two-way ANOVA statistical test with Sidak’s
multiple comparison was performed. All continuous variables are represented as mean £
SEM. p value <0.05 was considered statistically significant. All analyses were performed
using Prism 8.0 software (GraphPad). All statistical details of experiments can be found in
the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
NSCs and ECs express Cx43 in the adult SVZ NSC niche

Vascular EC-expressed Cx43 regulates adult NSC proliferation and
differentiation

Cx43 cytoplasmic tail and ERK signaling mediate Cx43 regulation of adult
NSC
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Figure 1. NSC-EC co-culture decreases NSC proliferation in a Cx43-dependent manner
(A) Schematic representation for Transwell touch co-culture of vascular ECs (bottom side)

with GFP*NSCs (top side). This schematic was created using BioRender.com.
(B) Confocal image showing CD31*EC (red) and GFP*NSCs (green) co-cultured on the

Transwell membrane.

(C and D) (C) Quantification of total GFP*NSCs number and (D) percentage of GFP*NSCs
with EdU uptake when cultured alone or with ECs respectively (n = 3 or 4 biological
replicates, 4 viewing fields/n).
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(E) Volcano plot of differential genes expressions in NSCs co-cultured with ECs compared
with NSCs cultured alone. Red and blue dots indicate selected upregulated or downregulated
genes respectively (n = 3 biological replicates).

(F) Gene Ontology term analysis of selected gene family modified in NSCs co-cultured with
ECs compared with NSCs cultured alone.

(G) gPCR analysis of qNSC and aNSC genes in NSCs alone or NSCs co-cultured with ECs
(n = 3 biological replicates).

(H) gPCR analysis of Cx43 gene expression in NSCs alone or NSCs co-cultured with ECs (n
= 3 biological replicates).

(1) gPCR analysis of qNSC and aNSC genes in NSCs co-cultured with ECs, where ECs are
treated with control siRNA (siScr) or Cx43siRNA (SiCx43) (n = 3 biological replicates).
Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; analysis
performed using the non-parametric Mann-Whitney statistical test. See also Figures S1 and
S9.
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Figure 2. ECs and NSCs in the adult brain SVZ highly express Cx43
(A and B) Quantifications of the percentage of CD31*-EC and BrdU*-LRC* qNSCs

colocalizing with different Cx proteins, respectively.

(C) High-resolution confocal image of a coronal SVZ section from a control mouse brain
showing the endfeet of GFAP*SOX2" NSCs (green and blue) contacting CD31* ECs (white)
via Cx43 (red) punctate (insets). Orthogonal views of insets show that Cx43, ECs, and NSCs
lie in close proximity marked by cyan arrows in xz and yz orientations. Scale bar, 25 um.
(D) Timeline used to evaluate Cx4.3deletion and recombination in the SVZ.
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(E) Representative confocal images of SVZ sections from Cx43ECIKO:ROSAMT/MG ang
Cx43GlastiKO;ROSAMT/MG mice. Note the presence of green recombinant ECs or NSCs
(green arrows) and only red tomato cells in the Cx43/f:ROSAMT/MG Sv/Z (red arrows).
(F) Representative confocal images of Cx43 immunostaining in the SVZ sections of
Cx43FM Cx43ECKO, and Cx43Glast’KC mice. Note that Cx43 punctate staining (white
arrows) in ECs (white inset) and NSC (green inset) are specifically deleted in Cx43ECIKO
and Cx43GlastiKC SV Z respectively.

(G) Cx43 mRNA expression in ECs (CD31*CD45 Glast™ population) and NSCs
(Glast*CD45-CD31~ population) of Cx43%/fl Cx43ECIKO, and Cx43GlastiKC SVZ (n =
3-7 different experiments, 5 different mice per pooled per experiment). Scale bar, 20 um. St,
striatum; LV, lateral ventricle.

Data are mean £ SEM. *p < 0.05 and **p < 0.01; analysis performed using the non-
parametric Mann-Whitney statistical test. See also Figures S4 and S5.
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Figure 3. Cx43 deletion in ECs or NSCs depletes gqNSCs in the adult SVZ
(A) Timeline used to evaluate the effects of short-term deletion (1 week post-Tx) vs. long-

term deletion (4 weeks post-Tx) of Cx43on the number of gNSCs, aNSCs, and neuroblasts
in the SVZ.

(B) Schematic model of gNSCs activation and differentiation in the SVZ.

(C—H) Confocal images of SVZ coronal sections from Cx43Vfl Cx43ECIKO, and
Cx43Glast’ O mice showing in (C) and (F) gNSCs (GFAP*SOX2*EdU™, arrowheads), (D)
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and (G) aNSCs (EGFR*SOX2*EdU*, arrows), and (E) and (H) neuroblasts (DCX*, dashed
boxes) at 1 week post-Tx vs. 4 weeks post-Tx, respectively.

(I-K) Quantifications of images shown in (C)—(H). n represents the total number of different
SVZ sections analyzed (technical replicates) from 3 or 4 mice per genotype. Y axes of bar
graphs represent (1) number of qNSCs (GFAP*SOX2"EdU™) per SVZ section, (J) number of
aNSCs (EGFR*SOX2*EdU*) per SVZ section, and (K) number of neuroblast (DCX*) per
SVZ section. Scale bar, 20 um. St, striatum; LV, lateral ventricle.

Two-way ANOVA with Sidak’s multiple-comparison statistical tests was used for statistical
analysis, and p < 0.05 was considered to indicate statistical significance. Data are mean *
SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. See also Figure S3.
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Figure 4. Slngle-cell RNA sequencing analysis of ECs and NSCs isolated from Cx43ECIKO angd

Cx43Glast’KO svzs

(A) Timeline used to evaluate the effects of the short-term deletion of Cx43on the

expression of genes regulating NSC behavior.

(B) Schematic of single cell isolation and single-cell RNA sequencing (SCRNA-seq)

protocol.

(C) Uniform manifold approximation and projection (UMAP) plot of scRNA-seq clustering

with labeled cell types.

(D) Dot plot of cell type-specific marker expression in the clusters from (C).
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(E) Dot-plot analysis displaying specific gene expression enriched for transit-amplifying

progenitors and neuroblasts in the NPC clusters of Cx45/fl Cx43ECKO, and Cx43GlastiKO
mice.
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Figure 5. Cx43 deletion in ECs or NSCs increases neuroblasts in the RMS and neurogenesis in
the OB

(A) Timeline used to evaluate the effects of the short-term deletion of Cx4.3 on neuroblasts
in the RMS.

(B) Schematic representation of a mouse brain sagittal section showing the RMS.

(C) Representative confocal image of DCX™ neuroblasts in the RMS (50 um section).
Dashed boxes in (B) and (C) highlight the anterior RMS.

(D) Representative confocal images of DCX* neuroblasts in the anterior RMS (enclosed in
white dashed lines) of Cx43Vl, Cx43ECIKO, and Cx43GlastKO mice.
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(E) Quantifications of images shown in (D) (n = 6-8 different sections analyzed from 3
animals per genotype).

(F) Timeline used to evaluate the effects of long-term deletion of Cx43 on neurogenesis in
the olfactory bulb.

(G) Representative confocal image of NeuN* newborn neurons (in green) on a coronal
section (50 um) of the mouse olfactory bulb. The dashed white lines outline the granule cell
layer (GCL).

(H) Representative images of EdU™ label-retaining cells (LRCs; red) and NeuN™ newborn
neurons (green) in GCL of Cx43Vfl Cx43ECKO, and Cx43Glast! O mice.

(1) Quantifications of images shown in (H) (n = 11-15 different sections analyzed from 3
different animals per group). Scale bars, 200 pm (C), 100 um (D and G), and 15 um (H).
Data are mean £ SEM. *p < 0.05, ***p < 0.001, and ****p < 0.0001; analysis performed
using the non-parametric Mann-Whitney statistical test. See also Figure S6.
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Figure 6. EC-expressed Cx43 is necessary for SVZ niche repopulation
(A) Schematic showing intraventricular brain infusion of Ara-C via an intra-cranial cannula

connected to a subcutaneous micro-osmotic pump.

(B) Timeline used for saline or Ara-C infusions.

(C) Representative confocal images showing EdU* cells in SVZ section of saline vs. Ara-C
infused Cx43f and Cx43ECKO mice after 6 days’ infusion.

(D) Quantifications of images shown in (C) (n = 10-14 different SVZ sections analyzed
from 3-5 different animals per group).
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(E) Representative confocal images showing neuroblasts (DCX*) in SVZ sections of saline
vs. Ara-C infused Cx43Vfl and Cx43ECKO mice.

(F) Quantifications of images shown in (E) (n = 12-14 different SVZ sections analyzed from
3-5 different mice per group).

(G) Timeline used for saline or Ara-C infusion and chase period.

(H) Representative confocal images showing neuroblasts (DCX*) in SVZ of saline vs. Ara-C
infused Cx43M and Cx43ECKO mice after infusions and chase period.

(1) Quantifications of SVZ sections shown in (G) (n = 9-16 SVZ sections analyzed from 3-5
different animals per group). Scale bar, 20 pm. St, striatum; LV, lateral ventricle.

Data are mean = SEM. Two-way ANOVA with Sidak’s multiple-comparison statistical

tests was used for statistical analysis, and p < 0.05 was considered to indicate statistical
significance. **p < 0.01, ***p < 0.001, and ****p < 0.0001. See also Figures S7 and S9.
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Figure 7. Cx43 cytoplasmic tail mediates EC-induced NSC quiescence in an ERK-dependent
manner
g (A) gPCR analysis of quiescent and activated genes in NSCs when co-cultured with ECs
;:r’ where both cell types are treated with SiCx43followed by either the Cx43T154A mutant
= (Cx43 dead channel) or the Cx43CTA258 mutant (cytoplasmic tail truncated) compared with
gz, NSC-EC co-culture treated with SiCx43 followed by Cx43full length (FL) construct (n = 6
2 technical replicates from 3 different experiments).
g (B) gPCR analysis of quiescent and activated genes in NSCs when co-cultured with ECs
=} where both cell types are treated with 43gap 26 compared with NSC-EC co-culture (n = 12
technical replicates from 4 different experiments).
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(C and D) Western blot analysis of pERK and ERK protein levels in NSCs cultured alone
or co-cultured with ECs treated with control siRNA (SiScr) or Cx43siRNA (SiCx43) (C);
quantifications are shown in (D) (n = 6 biological replicates).

(E) gPCR analysis of gNSCs and aNSCs co-cultured with ECs where NSCs is treated
with the ERK signaling inhibitor U0126 compared with NSCs and ECs co-culture (n = 11
technical replicates from 3 different experiments).

(F) Dot-plot analysis displaying specific gene expression of ERK activation pathway in the
NPC clusters of Cx4FV1l Cx43ECTKO, and Cx43Glast’O mice.

(G) Dot-plot analysis displaying specific gene expression of Cx43 cytoplasmic tail
interaction partners in the NPC clusters of Cx45/fl Cx43ECIKO, and Cx43GlastiKO mice.
Data are mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; analysis
performed using the non-parametric Mann-Whitney statistical test. See also Figure S8.
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