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Petrik et al. Highlights and ETOC
Highlights
1) ENaC is high in adult NSCs and neuroblasts
2) Knocking-out ENaC in adult NSCs and neuroblasts decreases their
proliferation
3) Fluid flow promotes Na-signals and changes Ca-signals

4) Fluid flow promotes proliferation in ENaC-dependent manner

eTOC
Stem cells need to adapt to signals from environment to regulate their output. Here
we show the key role of a flow-sensitive ion channel in regulating the activation of

adult neural stem cells and their output.
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SUMMARY

One hallmark of adult neurogenesis is its adaptability to environmental influences.
Here we uncovered the epithelial sodium channel (ENaC) as a key regulator of adult
neurogenesis as its deletion in neural stem cells (NSCs) and their progeny in the
murine subependymal zone (SEZ) strongly impairs their proliferation and neurogenic
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output in the olfactory bulb. Importantly, alteration of fluid flow promotes proliferation
of SEZ cells in an ENaC-dependent manner eliciting sodium and calcium signals that
regulate proliferation via calcium release activated channels and phosphorylation of
ERK. Flow-induced calcium signals are restricted to NSCs in contact with the
ventricular fluid, thereby providing a highly specific mechanism to regulate NSC
behavior at this special interface with the cerebrospinal fluid. Thus, ENaC plays a
central role in regulating adult neurogenesis and amongst multiple modes of ENaC

function, flow-induced changes in Na signals are critical for NSC biology.
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INTRODUCTION

Since the discovery of adult neurogenesis in birds and mammals, its regulation
by various environmental signals has been a subject of keen interest (Lim and
Alvarez-Buylla, 2016). However, adult NSCs in the mammalian brain are located in
different niches. In the SEZ, NSCs are embedded in a layer of ependymal cells with
their apical ends projecting into the ventricular space filled with cerebrospinal fluid
(CSF) (Doetsch et al., 1997; Mirzadeh et al., 2008; Ninkovic and Go6tz, 2015; Silva-
Vargas et al., 2016). This cytoarchitecture places NSCs at the intersection between
brain parenchyma and CSF allowing them to sense changes in both and then
propagate this information in the syncytium (Lim and Alvarez-Buylla, 2016). Some
key elements, such as neuroendocrine peptides and trophic factors (Lehtinen et al.,
2011; Silva-Vargas et al., 2016), were identified in the CSF to regulate NSCs biology.

Similarly, a gradient of CSF chemorepulsive factors was found to direct migration of
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neuroblasts (Sawamoto et al., 2006). However, the molecular sensors detecting the
CSF flow remain so far unknown.

lon channels are prime candidates for such sensor as they can merge different
stimuli into a simple and fast signal, the change in flow of ions down the
electrochemical gradient and across the plasma membrane. However, NSCs share
most electrophysiological properties with astrocytes (Fukuda et al., 2003; Liu et al.,
2006), including expression of common voltage-gated potassium channels (Butt and
Kalsi, 2006; Pruss et al., 2011). To determine differences in ion channel expression
between these cell types, we searched in our previous genome-wide expression
analysis and identified the epithelium sodium channel (ENaC) as having higher
expression in NSCs compared to parenchymal astrocytes in the diencephalon or
cerebral cortex (Beckervordersandforth et al., 2010; Sirko et al., 2015).

ENaC is often located on the apical membrane (Enuka et al., 2012) and
controls transepithelial flux of sodium in kidneys or lungs (Hanukoglu and Hanukoglu,
2016), where it is found also in stem cells (Liu et al., 2016). In the nervous system, it
is expressed in brain centers controlling fluid volume or blood pressure (Amin et al.,
2005), in retina, olfactory bulb (OB) and human cortex (Dyka et al., 2005; Giraldez et
al., 2007), in choroid plexus (Van Huysse et al., 2012) and mechanosensory neurons
(Fricke et al., 2000). Among glial cells, ENaC has been described in retinal Muller glia
(Brockway et al., 2002) and certain glioma cells (Miller and Loewy, 2013).

ENacC is different from other voltage- or ligand-gated channels as it is
generally open and hence provides a constant Na-influx. However, its conductance
properties and/or opening probability are regulated by many mechanisms including
second messengers, proteases and post-translation modifications (Boscardin et al.,
2016). Because ENaC is sensitive also to fluid shear stress (Fronius et al., 2010;

Wang et al., 2009), it may represent a bona fide candidate for the elusive molecular
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sensor detecting CSF flow and linking NSCs with activity of the ciliated ependymal

cells that surround them in the SEZ (Mirzadeh et al., 2008).

RESULTS
aENaC is Expressed in NSCs and Progenitors in the SEZ

To determine the localization of ENaC in the SEZ of adult mice, we immuno-
stained for the pore-forming alpha subunit of ENaC (aENaC) with cell type-specific
antibodies (Figure 1) and observed aENaC in NSCs labeled by the expression of the
green fluorescent protein (GFP) driven by the promoter of human glial fibrillary acidic
protein (GFAP, Figure 1A) or nestin ((Yamaguchi et al., 2000) Figure S1A) or GFAP-
and Sox2-immunoreactivity (Lopez-Juarez et al., 2012), Figure S1B). Indeed,
aENaC-staining was also present in the NSCs located in the core of the pinwheel
structures (Figure 1B, Figure S1C) labeled by p-catenin and hGFAP-GFP
(Beckervordersandforth et al., 2010; Mirzadeh et al., 2008). Also proliferating cells
labeled with Ki67 (Scholzen and Gerdes, 2000) and Doublecortin (DCX)+
neuroblasts (Gleeson et al., 1999) were aENaC-immunopositive. Interestingly, this
was the case only in the SEZ (Figure 1C,D), and not in the rostral migratory stream
(RMS, Figure S1D). Taken together, aENaC was detectable in over 80% of NSCs
including proliferating Ki67+GFAP+ NSCs (Figure S1E, F). Also 60% of progenitors
and a subset of about 20% neuroblasts (Figure 1E) in the SEZ had detectable levels
of aENaC protein. In contrast, niche cells were immunonegative (Figure S1G for
oligodendrocyte progenitors, Figure S1H for niche astrocytes), except weak staining
in ependymal cells (Figure 1B).

The hippocampal subgranular zone (SGZ) showed more restricted aENaC-

immunostaining with rare GFAP+, nestin-GFP+ or Sox2+ NSCs and some DCX+



Petrik et al. 2018

neuroblasts (Figure S1I-J), while parenchymal astrocytes were ENaC-negative
(Figure S1L).

We also checked mRNA levels of a, 3 and yENaC subunits from dissected
SEZ by reverse-transcriptase quantitative polymerase chain reaction (RT-gPCR) and
found aENaC expressed much higher than 3 or yENaC (Figure S1M). The
comparison of relative mRNA expression (222C (Livak and Schmittgen, 2001)
revealed 15 times more aENaC in the SEZ than in the OB, but about 9 times less
compared to kidney. When SEZ cells were isolated by fluorescence-activated cell
sorting (FACS) as previously described (Codega et al., 2014; Fischer et al., 2011),
aENaC but not 3 or y expression was detected in quiescent and activated NSCs and
ependymal cells (Figure 1F). Neuroblasts had higher aENaC mRNA levels, while
virtually nothing was detectable in transiently amplifying progenitors (TAPS) despite
the presence of the ENaC protein in these cells (Figure 1C, E). This suggests either
fast down-regulation of ENaC mRNA upon dissociation or a high protein stability and
inheritance of protein from NSCs in these cells. In order to test if aENaC forms a
functional channel in the SEZ, we performed whole-cell patch-clamp recordings and
successfully isolated currents sensitive to the ENaC-specific blocker, Benzamil
(Alvarez de la Rosa et al., 2013) (Figure 11-K) in NSCs identified by Aldh1l1-GFP+

(Heintz, 2004) and a radial morphology (Figure 1G,H and S1N).

ENacC is Critical for SEZ Cell Proliferation In Vitro

To investigate the functional role of ENaC, we examined neurospheres from
adult SEZ (of which 77% cells express aENaC, Figure S2A,B) subjected to genetic
knock-down (KD) by esiRNA against aENaC or to pharmacological inhibition by
ENaC-specific blockers Benzamil or Amiloride (Alvarez de la Rosa et al., 2013). In

proliferating conditions, the aENaC KD, which shows about 60% reduction in ENaC-
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immunopositive cells (Figure 2A-C), resulted in significantly fewer cells at 72 hours
(h) after transfection (Figure 2D-H). Similarly, incubation of the neurospheres in
Amiloride (Figure S2C) or Benzamil (Figure S2D-H) for 24 h significantly reduced the
number of cells in a concentration-dependent manner at 72 h after the block. To
determine if this reduction in cell number is due to reduced proliferation and/or
increased cell death, we followed single cells and their progeny for 85 h by time-lapse
imaging of primary SEZ cells as previously described (Ortega et al., 2011). Both
aENaC KD (Figure 2I-K) and Benzamil incubation (Figure S2I) significantly
decreased the number of divisions and cells generated per individual cell lineage
when compared to controls. Moreover, bath application of Benzamil induced rapid
cell death (average time 14.2+1.6 h) in about 60% compared to only 6% in control
(Figure S2J-L). Thus, reducing function or protein levels of aENaC impairs
proliferation and survival of primary SEZ cells. Similarly, SEZ neurosphere-derived
cells died as indicated by an increase in TUNEL+ cells upon Amiloride or Benzamil
treatment (Figure S2M-0O) or KD of aENaC (Figure S2P). Interestingly, aENaC also
plays a role in differentiation as KD or blocking of ENaC significantly decreased the
proportion of BllI-tubulin+ neurons from primary cells (Figure 2L-N, Figure S2Q-S) or
from neurospheres (Figure S3A-F) and also after shorter (6 h) incubation in the
ENaC blockers (Figure S3G-I). Noteworthy, pharmacological block by Benzamil
showed effects additive to aENaC KD (Figure S2T-X), suggesting either non-specific
pharmacological effects or incomplete genetic removal of ENaC. Taken together,
limiting ENaC function or protein in vitro impairs survival, proliferation and

neurogenesis.

Conditional Deletion of dENaC In NSCs In Vivo Reduces SEZ Cell Number and

Proliferation
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Next, we examined the role of aENaC in vivo by deleting aENaC selectively in
NSCs and their progeny using GLAST“*5""2/CAG-GFP mice (Mori et al., 2006;
Nakamura et al., 2006) crossed with Scnn1a"™ " mice (as gene Scnnla encodes
aENaC; (Hummler et al., 2002) to obtain GLAST"®*tR™2/CAG-GFP/Scnn1a™™
(control) and GLASTC"™ER™/CAG-GFP/Scnn1a""** (iIENaC) knock-out (KO) mice.
Injections of tamoxifen, Tam (Petrik et al., 2012) lead to deletion of Scnnla and GFP
expression in GLAST-expressing cells and their progeny. First, we examined at what
time point ENaC protein is lost in the recombined SEZ cells at different times after
induction. At 5 days post Tam (DPT) the proportion of aENaC+ cells amongst
recombined GFP+ cells was already reduced in iENaC KO, but reached even lower
levels by 10 DPT with only about 5% of GFP+ ENaC+ cells left (Figure S4A-C).
Therefore, we chose to examine this time-point for a phenotype.

We performed stereological and proportional analyses of GFP+ cells double-
stained for Ki67 and DCX at 10DPT (Figure 3A,B). Consistent with the in vitro results,
the absolute number of GFP+ cells was reduced in the iIENaC KO SEZ versus control
(Figure 3C). As the reduction in GFP+ cells may be due to a lower recombination
rate, we determined the recombination efficiency by assessing the number of
recombined GFP+ astrocytes (that are ENaC-negative and hence should not be
affected, see Figure S1H) in the cerebral cortex grey matter. The recombined cell
numbers at 10 DPT were well comparable in control and iENaC KO cerebral cortex
(Figure S4D-F), suggesting a similar level of recombination efficiency between
genotypes. Indeed, the decrease in recombined cells resulted in reduced SEZ
thickness (measured as the dense band of DAPI+ cells directly adjacent to the lateral
ventricle) in iIENaC KO compared to controls (Figure 3E). Importantly, these results
also indicate that the phenotype in the recombined cells is not compensated by

surrounding non-targeted cells.
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Next we examined whether GFP+ cells in IENaC KO were reduced by defects
in proliferation, survival or fate change. We found fewer proliferating cells
(Ki67+GFP+), both progenitors (Ki67+DCX-GFP+) and proliferating neuroblasts
(Ki67+DCX+GFP+) in the SEZ of IENaC KO compared to control (Figure 3C), while
non-proliferating (Ki67-) neuroblasts were not significantly affected in their number.
Likewise, the proportion of progenitors and proliferating and non-proliferating
neuroblasts among GFP+ cells showed a significant reduction of all proliferating cells
(progenitors and proliferating neuroblasts), while the other populations were relatively
less affected in IENaC KO versus control (Figure 3D), emphasizing the effect of
ENaC deletion on proliferation.

To determine if NSC numbers are reduced, we discriminated Sox2+ (GFAP-)
progenitors and Sox2+GFAP+ NSCs (Figure 3F). Indeed, the NSC number was
significantly reduced in the iENaC KO SEZ (Figure 3G), suggesting that both NSCs
and their proliferating progeny are affected by cENaC ablation.

To address if the reduction in NSCs may be due to an altered fate, we
quantified ependymal cells by S100p staining and their position lining the ventricle
(Figure 3H). However, their proportion was similar between control and iENaC KO
(Figure 3l), suggesting that the reduction in NSCs is not due to conversion into
ependyma (Conover et al., 2000); for label-retaining cell measurements, see below.
As staining for activated caspase 3 (Figure S4G and Figure 3J), detecting cells in
apoptosis, and for TUNEL (Figure S4H-I), detecting also cells dying by necroptosis
and ferroptosis, showed no significant increase in cell death in iIENaC KO at both 5
and 10 DPT, the in vivo phenotype seems mostly to result from reduced proliferation.
Importantly, ENaC deletion also reduced the number of GFP+ neurons in the iENaC
KO compared to control olfactory bulb (Figure 3K-M), highlighting its key role in

regulating adult neurogenesis.
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ENaC Deletion In Vivo Affects NSC Activation and Cannot Be Compensated at
Later Stages

Next, we examined the SEZ at 30 DPT (Figure 4). As expected, we found a
larger number of GFP+ cells in the control SEZ compared to 10 DPT as further
progeny has been generated from NSCs (Figure 4A,C). Conversely, in the IENaC
KO SEZ there was virtually no increase in GFP+ cell number during these additional
20 days (compare Figures 3C and 4C). Indeed, proliferation was drastically reduced
at 30 DPT (Figure 4A-D). To determine if this is due to a depletion of NSCs by cell
death and/or proliferation, we provided BrdU, a thymidine analog, in drinking water
for two weeks followed by a week of BrdU-free water. Then, Tam was administered
and followed by another thymidine analog, EdU, in drinking water for a week. The
analysis of GFP+GFAP+ and BrdU+ or EdU+ NSCs was performed at 7 DPT (19
days after BrdU, Figure 4E,F). The proportion of NSCs proliferating after ENaC
deletion (EdU+GFAP+GFP+) was significantly reduced in IENaC KO compared to
control, whereas the proportion of NSCs proliferating before (BrdU+GFAP+GFP+)
was not (Figure 4G). This suggests that ENaC loss leads to reduced proliferation of
NSCs, while NSCs that were dividing (and incorporating BrdU) before ENaC loss
were not affected. Also, we observed a reduction in proportion of BrdU+GFAP+GFP+
cells in iENaC KO when animals were given BrdU for 2 weeks after Tam and killed
one week post BrdU (data not shown), supporting the notion that mostly NSC
proliferation is affected by ENaC knock-out, even though we cannot fully rule out cell
death or migration out of the niche as contributing to the severe depletion of NSCs.
As a consequence of this depletion, the number of newly generated neurons also

remains significantly reduced in the OB of iIENaC KO compared to control (Figure 4H-
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J), demonstrating the long-term severe effects of ENaC deletion on adult

neurogenesis.

aENaC is Required in Fast Proliferating SEZ Progenitors In Vivo as Revealed
by Their Selective Targeting

To discriminate between the effects of ENaC deletion in NSCs and their
progeny, we selectively targeted the rapidly proliferating progenitor cells by murine
leukemia virus (MLV) based retroviral delivery of NLS-Cre recombinase (Colak et al.,
2008) injected into the SEZ of ENaC"™"YCAG-GFP (WT) and ENaC"™"/CAG-GFP
mice. Already 3 days post injection (dpi) Ki67+ cells were reduced to almost half
amongst all GFP+ cells in the SEZ of ENaC"®"°* as compared to WT mice (Figure
S5A-C), demonstrating a very fast effect of aENaC loss on progenitor proliferation
without affecting the proportion of apoptotic cells (Figure S5D,E). Thus, the iIENaC
KO phenotype is not exclusively due to the reduction in aNSC numbers but involves

direct effects on proliferation of fast progenitors and neuroblasts.

Fluid Flow Induces Proliferation in SEZ in an ENaC-Dependent Manner

ENaC channels are constitutively open, but their opening probability can be
further increased by various mechanisms (Boscardin et al., 2016), including fluid flow
(Fronius et al., 2010; Wang et al., 2009). To examine the effects of fluid flow, we
used SEZ whole-mounts and subjected them to control or elevated artificial
cerebrospinal fluid (ACSF) flow (see Methods and discussion for calculations of the
shear stress being in the physiological range) for 4 h (Figure 5A), after which the SEZ
was stained and the number of Ki67+ and DCX+ cells was quantified (Figure 5B,C).
Interestingly, the number of total Ki67+ proliferating cells and proliferating

neuroblasts was significantly increased in the SEZ whole-mount exposed to elevated
10
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fluid flow when compared to control (Figure 5D). Thus, increased flow induces a fast
proliferation response.

To determine if ENaC contributes to this response, we applied Benzamil that
completely abrogated the flow-induced proliferation response (Figure 5D). Application
of the high flow paradigm on the genetic mouse models showed an increase in
proliferation only in GFP+ cells in controls, but not in IENaC KO (Figure 5E-G),
clearly demonstrating that cENaC is required for this response.

To understand possible downstream signaling pathways mediating the
proliferative response to the elevated fluid flow via ENaC, we considered the
mitogen-activated protein kinases (Bodart, 2010) as prime candidates given their
known involvement in SEZ stem cells activation (Ottone et al., 2014) and recent
implication as mediators between mechanical stimuli and cell division (Gudipaty et
al., 2017). SEZ whole-mounts from WT mice were subjected to control or elevated
ACSF flow as described above and stained for the activated (phosphorylated) form of
Erk kinase (pErk; Figure 5H-I). High flow increased number of pErk+Ki67+ and pErk+
proliferating neuroblasts (Figure 5J). This increase was reversed in the presence of
Benzamil suggesting that elevated fluid flow requires acENaC to activate Erk kinase.
Furthermore, there was a smaller proportion and number of pErk+GFP+ cells in SEZ
of IENaC KO compared to controls at 5 DPT (Figure S6F-H), underscoring the link

between ENaC and downstream activation of the Erk kinase.

ENaC Loss Affects Flow-Induced Changes in Sodium and Calcium Dynamics in
NSCs and Progenitors

To test if high flow directly changes intracellular sodium via ENaC, we
performed sodium imaging of the SEZ cells. Acute brain slices from control and

iIENaC KO mice at 21 DPT (Figure 6A,B) were bolus-loaded with the sodium indicator
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SBFI-AM. SBFl-loaded cells were alternately excited at 340 and 380 nm and
changes in fluorescence emission were measured during baseline and high ACSF
flow periods using the ratiometric wide-field microscopy. The ratio of the SBFI
fluorescence (340/380 nm) was calculated and normalized to baseline (Figure 6C) as
previously done for recording in parenchymal astrocytes (Langer and Rose, 2009). In
controls, 35% of cells (28 out of 80) showed increased fluorescence with the increase
in fluid flow, whereas this was not the case for any of the 51 cells imaged in iIENaC
KO. This difference in distribution of responsive cells is statistically significant (P <
0.0001, Fisher’s exact test). In the control responsive cells, the fluorescence ratio
increased by about 2% after the onset of the high flow (Figure 6D), which
corresponds to an increase in the intracellular sodium concentration by about 2.2 mM
(based on in situ calibrations as described earlier (Meier et al., 2006)). Taken
together, this data shows that fluid flow induces sodium influx in ENaC-dependent
manner.

To further understand how ENaC may convey the information about the fluid
flow to the cells, we conducted calcium imaging experiments. Acute brain slices were
loaded with the calcium indicator Oregon Green Bapta 1 (OGB1) and calcium
oscillations were monitored in baseline flow (Figure 6E) followed by elevated flow and
the baseline recovery. In the post-hoc analysis, we evaluated calcium events in
GFP+ cells that separated into cell classes by their morphology and anatomical
location as NSCs/progenitors, neuroblasts and ependymocytes (Figure 6F). When
cells were classified into positive responders (showing higher frequency of calcium
oscillations in elevated fluid flow), non-responders (no change in frequency) and
negative responders (reduced frequency) we observed a trend towards more
negative and non-responders in the GFP+ NSCs/progenitors of iENaC KO compared

to controls (Figure 6G,H). Importantly, the GFP+ NSCs/progenitors from control mice
12
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displayed an increase in the frequency of calcium oscillation in response to elevated
ACSF flow, a feature that was not observed iIENaC KO (Figure 61). Thus, our data
show that cells lacking ENaC do not have the capacity to respond to increased flow
by changing Ca signals.

Notably, however, cells from iENaC KO at 10DPT showed higher frequency of
Ca signals at baseline ACSF flow when compared with controls (Figure 6G,l). These
results suggest that calcium signaling is dysregulated 10 days after loss of ENaC.
While this increase in calcium signaling may be counter-intuitive because the
absence of sodium inward conductance should promote hyperpolarization and thus
attenuate calcium oscillations, the increase in frequency of Ca signals may well be
due to secondary changes at 10DPT. Importantly, cENaC involvement in calcium
signals was specific to NSCs/progenitors because there was no difference in Ca
signals between control and iIENaC KO and between baseline and elevated flow in
cells classified as ependymocytes (Figure 6J).

Next, we tested if the shear stress specifically affects only cells facing the
ventricle or its influence is projected also to cells located deeper in the niche. We
loaded SEZ whole-mounts from controls with OGB1 and recorded calcium events in
the NSCs at the surface or deep in the tissue (Figure S6A-F). The pool of surface
cells (33 total) contained statistically significantly more cells positively responding to
high flow than the deeper cells (27 total, P < 0.0001, Fisher’s exact test, Figure S6G).
Indeed, high flow increased the frequency of calcium events only in the surface, but
not the deep cells (Figure S6H), suggesting that contact with the ventricle is critical
for cellular responsiveness to shear stress.

To identify the possible source of calcium, we exposed SEZ whole-mounts to
a specific blocker of the store-operated Ca release activated Ca (CRAC) channels,

BTP-2 (YM-58483; (Parekh, 2010)), given the relatively slow nature of the flow
13
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induced Ca-signals. Similar to Benzamil (Figure 5D), BTP-2 also abrogated the flow-
induced increase in proliferating cells or neuroblasts in SEZ (Figure 6K-M),
suggesting that CRAC channels are a likely source of calcium in this context. Finally,
blocking of CRAC channels also abolished the flow-induced increase in the number
of proliferating cells and proliferating neuroblasts positive for pErk (Figure 6N)
suggesting that the activation of Erk kinase is downstream of CRAC (Chang et al.,

2006).

DISCUSSION
aENaC Channel Activity is a Key Regulator of the SEZ Neurogenic Activity

Here, we provide for the first time a role for a voltage- and ligand-independent
ion channel in adult neurogenesis. Our results show that aENaC is expressed in
NSCs and their progeny in the SEZ, where it is critical for their proliferation. In
addition, we suggest that ENaC allows the NSCs to sense fluid flow as one
mechanism regulating the neurogenic process.

While ENaC is an essential component of epithelial cells in the peripheral
organs (Hanukoglu and Hanukoglu, 2016), this channel has hardly been studied in
the brain, let alone in NSCs. Both gPCR and immunohistochemistry showed the
predominant expression of the alpha subunit in both the SEZ tissue and in sorted
NSCs and neuroblasts, which is the subunit essential for channel function. While
ENaC channels have been suggested to exist in different stoichiometry in vitro
(Anantharam and Palmer, 2007; Staruschenko et al., 2005), only channels containing
aENaC, either alone or with other subunits can form functional channels (Canessa et
al., 1993; McNicholas and Canessa, 1997). Indeed, ENaC subunits show different
expression profiles in cell-dependent context. For example, colonic epithelia or Mller

glia express a, but not B or y ENaC subunits (Asher et al., 1996; Brockway et al.,
14
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2002) similar to our findings in NSCs. Thus, the lack of B or y ENaC subunits does
not preclude ENaC currents. Indeed, we recorded Benzamil-sensitive currents in
Aldh1l1-GFP+ cells with radial glia morphology suggesting functional ENaC currents
in NSCs. Moreover, we show flow-induced Na-signals only in the presence, but not
absence of aENaC in SEZ cells. Our observation that ENaC blockers at high
concentrations (Hirsh et al., 2004) were needed to induce proliferation deficits similar
to aENaC knock-down in vitro is consistent with the native ENaC channels containing
only a or 3 subunits being less sensitive to these blockers (McNicholas and Canessa,
1997). Importantly, however, aENaC is the subunit essential for channel function,

which is why we targeted it for deletion here.

aENaC Regulates Proliferation of NSCs and their Progeny

Our in vitro and in vivo results jointly point towards the conclusion that ENaC
predominantly regulates cell proliferation in the SEZ. Blocking or knocking-down
ENaC in neurosphere-derived or primary SEZ cells decreases the proliferation as
shown by live imaging and immunostaining for Ki67+. Similarly, knocking-out aENaC
in NSCs in vivo leads to fewer EdU+ NSCs and their progeny in the SEZ.
Furthermore, Cre delivered selectively to the rapidly proliferating cells by viral vectors
(Colak et al., 2008) revealed that aENaC is also required for proliferation in
progenitors and neuroblasts. Thus aENaC acts in a bimodal manner regulating
proliferation of both actively dividing NSCs as well as their progeny. So far, only few
reports link ENaC activity to cell cycle progression. For example, blocking ENaC had
anti-tumor effects (Matthews et al., 2011) and halted the cell cycle in GO/G1 phase
(Roogj et al., 2012).

Notably, the effects of blocking or KD of ENaC in vitro included also cell death.

However, we did not detect any statistically significant change in apoptotic cells at 5
15
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or 10 DPT in iIENaC KO and at 3 days post injection of retroviruses or any change in
survival of quiescent NSCs labeled by BrdU prior to the ENaC deletion. The fact we
did not observe increased cell death in the iENaC KO in vivo cannot rule out a
possible contribution of cell death to the severe cellular depletion of the SEZ, but the
fact that we could detect increased cell death upon ENaC deletion in vitro, but not in
Vivo suggests that some elements of the niche environment in vivo are helping to

keep ENaC KO cells alive.

Fluid Flow Regulates Proliferation via ENaC in the Whole-Mount SEZ

Our findings that fluid flow stimulates cell proliferation in SEZ in an ENaC-
dependent manner suggest that ENaC may serve as a sensor of environmental
changes. Indeed, this sensory role for ENaC was previously suggested in taste,
mechanosensing or circumventricular organs of the brain (Chandrashekar et al.,
2010; Miller and Loewy, 2013). The laminar shear stress elicited by fluid flow
increases open probability and thus ENaC currents (Althaus et al., 2007; Karpushev
et al., 2010), a phenomenon also observed in native tissues such as endothelial cells
in blood vessels or tubules in kidney nephrons (Morimoto et al., 2006; Satlin et al.,
2001; Wang et al., 2009).

But how does the shear stress applied here compare to the in vivo situation?
To our knowledge, direct measurements of the shear stress forces in the lateral
ventricle are not available, especially not in mice. In humans, various non-invasive
clinical studies were conducted to estimate the CSF velocity (Cohen et al., 2009).
Near the fluid-solid interface the velocity is estimated at 0.5-1 mm/sec (Siyahhan et
al., 2014; Yamada et al., 2013). However, the CSF velocities are much higher in the
bulk fluid movement and can reach up to 5-8 cm/sec under the influence of the

cardiac and respiratory cycle phase (Battal et al., 2011; Ozturk et al., 2016). In our
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preparation, the ACSF velocity exiting the capillary is around 3 cm/sec, which is
within the velocity limits mentioned above. This flow velocity with forces previously
shown to stimulate ENaC (Althaus et al., 2007) cause an increase in the intracellular
sodium concentration in NSCs in control but not iENaC KO SEZ.

Moreover, the effects of increased fluid flow on proliferation are diminished by
Benzamil in WT tissue or do not occur in GFP+ cells lacking aENaC. Finally, the
elevated fluid flow activates Erk kinase in ENaC-dependent fashion suggesting that it
connects fluid flow with proliferation. Thus, our results not only imply for the very first
time fluid flow and hence physical forces as a regulator of adult NSCs proliferation in
the SEZ, but also identify the channel ENaC as the central mediator. This is
important given the expression of various other mechanosensitive channels in NSCs,
such as Piezo and TRP channels (Beckervordersandforth et al., 2010; Blumenthal et
al., 2014; Codega et al., 2014) and the proposed role of mechanical forces in
regulating Drosophila gut stem cells (He et al., 2018) or embryonic neural stem cells
in vitro (Park et al., 2017).

Why would NSCs and progenitors need to sense fluid flow? One possibility is
that sensing fluid flow may serve as an all-or-none mechanism to detect their
presence at the surface of the ventricle. Indeed, our calcium imaging experiments
from SEZ whole-mounts support this idea as mostly cells at the surface of the
ventricle exhibited increased frequency in Ca-signals in response to changes in fluid
flow, whereas deeper cells did not. We therefore suggest that SEZ cells utilize the
constant fluid drag forces to sense their presence at the ventricle, rather than actually
measuring fluid flow speed as do endothelial or kidney cells. Indeed, this is consistent
with the concept that radial glial cells contacting the ventricle, but not those deeper in

the SEZ, would act as NSCs (Lim and Alvarez-Buylla, 2016).
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However, it is important to recognize that ENacC is also regulated by a wide
variety of factors other than mechanical forces, such as extracellular proteases and
ions or cytoplasmic kinases and links to the cytoskeleton (Boscardin et al., 2016),
which may also be involved in its function in the SEZ. Indeed, reducing ENaC protein
in conditions with negligible fluid flow, such as in vitro preparations, still affects
proliferation and viability of NSCs and progenitor cells. We propose that the
constitutively open ENaC channel contributes to the increase in membrane potential
in proliferating cells (see e.g. review by (Swayne and Wicki-Stordeur, 2012). The
NSCs have low resting membrane potential close to the potassium equilibrium
potential of around -80 mV (Liu et al., 2006). However, prior to entering the cell cycle
the membrane potential becomes more depolarized (Swayne and Wicki-Stordeur,
2012). Importantly, under normal electrochemical gradient for sodium as it is in
NSCs, ENaC carries sodium influx into the cell with the capacity to depolarize the
membrane (Bigiani and Cuoghi, 2007; Chifflet et al., 2005). Our data therefore
suggest that the constant albeit small influx of sodium may contribute to the change

in membrane potential required to initiate proliferation.

ENaC Function Bridges Fluid Flow and Calcium Signaling

Besides the up-stream regulators of ENaC function, we also examined down-
stream effectors. We have found that ENaC deletion abrogates flow-dependent
increase in intracellular sodium and changes calcium signaling in response to
increased fluid flow. Likewise, blocking Orai/STIM CRAC channels abrogated the
flow-induced increase in cell proliferation and reduced number of cells positive for
phosphorylated Erk kinase. The calcium oscillations we recorded in the SEZ were

relatively slow (lasting around ten seconds) consistent with time course of release
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from calcium sources (Toth et al., 2016) that were observed before in NSCs of the
SEZ (Young et al., 2014).

These results propose the following effects downstream of ENaC. ENaC
carries sodium influx into the cell, which depolarizes the membrane potential (Bigiani
and Cuoghi, 2007; Chifflet et al., 2005) as discussed above. Increased ENaC activity,
as during the high flow conditions, thus proportionally increases sodium influx as
shown by live imaging and hence leads to further membrane depolarization (Althaus
et al., 2007; Wang et al., 2009). This stimulates calcium exchangers and channels
that together with inositol tri-phosphate receptors increase the cytoplasmic calcium
concentration (Concepcion and Feske, 2017; Justet et al., 2013). Indeed, it has been
shown that sodium influx via ENaC can activate dendritic cells in a calcium-
dependent manner (Barbaro et al., 2017). The changes in calcium signaling
ultimately trigger repetitive emptying of intracellular calcium stores as well as activate
CRAC channels (Parekh, 2010) that were found upstream of activation of Erk kinase
to regulate cell proliferation (Chang et al., 2008; Chang et al., 2006). Specifically,
changes in calcium signaling were able to influence stem cell activity (Deng et al.,
2015) with CRAC channels regulating proliferation of neural progenitors from SEZ
(Somasundaram et al., 2014). Furthermore, the calcium-dependent PKC-a can
regulate Erk activity, which in turn regulates ENaC function (Eaton et al., 2014),
providing another layer of complexity between the signaling factors. As pErk was
found to both increase (Mustafa et al., 2008) and decrease ENaC function (Eaton et
al., 2014), changes in Erk activation with the high flow or in iENaC KO may also be a
part of feedback compensations.

ENaC exerts a powerful control on adult neurogenesis with severe reduction in
NSC activation and TAP and neuroblast proliferation resulting in much reduced

neuronal output in its absence. We therefore propose a key role of this channel in
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regulating adult SEZ neurogenesis. This could have medical repercussions since
ENaC blockers are used as diuretics to treat certain types of hypertension, can cross
the blood brain or CSF barrier (Alvarez de la Rosa et al., 2013) and may hence have
potent side effects on neurogenesis (Ernst et al., 2014). Our results emphasize how
important it is to understand regulators of adult neurogenesis and highlight the
importance of ion-mediated signaling for neural stem and progenitor behavior in the

adult brain.

ACKNOWLDEGEMENTS

We are particularly thankful to Edith Hummler for allowing the use of the floxed alpha
ENaC mice (Scnnla/Tm1.1) and to James D. Stockand for providing expression
vectors containing cDNA of mouse ENaC subunits. We are also very grateful to
Gabriela Jager, Tatiana Simon-Ebert, Manja Thorwirth and Detlef Franzen for their
excellent technical help, and to the viral vector facility of the SFB 870 (TPZ04-funded
by DFG). This project was funded in part by the Marie Curie Fellowship (PlIIF-GA-
2013-628603) to D.P., DFG collaborative research center “SFB 870: Assembly and
Function of Neuronal Circuits” to M.G. and B.G., the German Excellence Initiative
(Graduate School of Systemic Neurosciences, LMU, & EXC1010 Synergy), the
priority program 1757 to M.G. and C.R.R., and the priority program 1738 and the
advanced ERC grant “ChroNeuroRepair’ to M.G. All authors declare no conflict of

interest.

AUTHOR CONTRIBUTIONS
M.G. conceived the project. D.P. and M.G. conceptualized the project. D.P., S.G.,
M.H.M., B.G. and M.G. designed experiments. D.P. performed all experiments and

analyzed all results other than the following. S.G. performed stereotaxic surgeries.
20



Petrik et al. 2018

M.P. performed FACS sorting. D.P. and M.H.M. performed experiments and
analyzed results for calcium imaging. N.J.G. and C.R.R. performed experiments and
analyzed results for sodium imaging. D.P. and M.G. wrote the paper with feedback

from the co-authors.

FIGURE LEGENDS

Figure 1. ENaC Expression in Subependymal Zone

(A) Confocal microphotograph of immunostaining for aENaC and hGFAP-GFP in
SEZ (lv = lateral ventricle). (B) aENaC staining in 3-catenin pinwheel structures of
SEZ whole-mounts. (C) Ki67-positive (Ki67+, arrowhead) and Ki67+DCX+ (arrow)
cells in SEZ express aENaC. (D) In SEZ, aENaC overlaps with DCX+ cells. (E)
Proportional analysis of adult neural stem cells (NSCs), progenitors (Progen.),
proliferating neuroblasts (Prolif. NBs), and NBs. in SEZ that are aENaC+. (F) Relative
mRNA fold change of aENaC when compared to GAPDH in cDNA from sorted
guiescent NSCs (gNSCs; hGFAP-GFP+, CD133+), activated NSCs (aNSCs, hGFAP-
GFP+, CD133+, EGFR+), Progen. (n\GFAP-GFP-, CD133-, EGFR+), NBs (PSA-
NCAM+), and ependymocytes (EC; hGFAP-GFP-, Prominin+). Microphotographs in
bright field (G) and fluorescence (H) showing a patch-clamp electrode on a GFP+ cell
on the very edge of SEZ. (I) Patch-clamp experimental paradigm. (J) Voltage-
command and an example of whole-cell currents elicited by a -90 mV rectangular
pulse (40 ms long) before (black) and 6 minutes after Benzamil perfusion (red). (K)
Benz-sensitive currents at -90 mV. Scale bars, all 10 ym. Animals were tested at 6-8
weeks of age. N = 4 for proportional analysis, N = 10 for each 4 FACS sorting, N =3

for patch-clamp recordings. Data are presented as median + IQR.

21



Petrik et al. 2018

Figure 2. Reduced Proliferation and Survival upon Blocking or Knocking-down
of ENaC in Primary SEZ or Neurosphere-derived Cells.

Immunostaining for aENaC and DAPI in primary SEZ cultures 48 h after transfection
with control esiRNA (A) or aENaC esiRNA (B). Proportion of primary SEZ cells
immunopositive for aENaC normalized to control (C). Representative images of
neurospheres after transfection with control esiRNA (D,F) or aENaC esiRNA (E,G) at
two time points. (H) Schematics of experimental paradigm and dissociated
neurosphere cell number quantification 72 h after esiRNA knock-down (KD) of
aENaC normalized to control. Example cell division trees from time-lapse imaging in
control (1) or aENaC esiRNA (J) during 85 h after transfection. Quantification of the
number of cell divisions and cells per division tree in aENaC KD (K). Representative
images of primary SEZ cells grown in differentiating conditions stained as indicated
after transfection with control (L) or aENaC (M) esiRNA. (N) Quantification of
proportion of cells positive for GFAP or BllI-tubulin. Scale bars, 100 um (D-G) and 20
um (A-B, L-M). Animals were tested at 6-8 weeks of age. N = 3 for cell cultures. N =
12-16 for lineage trees. * P < 0.05; ** P < 0.01 Data are presented as median = IQR

or, given the normal distribution, as mean + SEM (panel K) .

Figure 3. Phenotype of aENaC Knock-out in GLAST-expressing NSCs and Their
Progeny in SEZ at 10 Days After Tamoxifen

Representative images of SEZ from control (A) or iENaC KO (B) brains immuno-
stained as indicated. In (C), stereological analysis of absolute number of GFP+ cell
subpopulations in SEZ: all proliferating cells (Ki67+), proliferating neuroblasts
(Ki67+DCX+), progenitors (Ki67+DCX-), and postmitotic neuroblasts (Ki67-DCX+).
Proportional analysis of Ki67+ and/or DCX+ cells in the GFP+ cell population in

control or iENaC KO (D). (E) Measurements of average SEZ thickness in um. (F)
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Representative image of SEZ stained for GFAP, GFP and Sox2. (G) Quantification of
number of Sox2+GFP+ progenitors and Sox2+GFAP+GFP+ NSCs. (H)
Representative image of staining for S1003+ and GFP+ ependymal cells in SEZ. (I)
Proportion of S1003+GFP+ cells amongst GFP+ cells in control and iIENaC KO mice.
(J) Number of activated caspase 3 (AC3)-positive cells in both genotypes.
Representative images of the olfactory bulb stained as indicated in control (K) or
iIENaC KO (L). Quantification of number of GFP-positive cells per mm? of olfactory
bulb tissue (M), Iv = lateral ventricle. Scale bars, 50 um (A-B, K-L) and 20 pm (F, H).
Animals were tested at 9-10 weeks of age, N = 4-5. * P < 0.05; ** P < 0.01 Data are

presented as median * IQR.

Figure 4. Phenotype of aENaC Knock-out in SEZ at 30 Days After Tamoxifen
Representative images of SEZ stained as indicated in control (A) and iENaC KO (B).
(C) Stereological quantification of GFP+ cells labeled as in Figure 3C. Proportional
analysis of Ki67+ and/or DCX+ GFP-expressing cells in SEZ of control or iENaC KO
(D). SEZ stained for GFP, GFAP and BrdU (E) or EdU (F), arrows pointing to triple-
positive cells. (G) Schematics of BrdU administration followed by BrdU chase,
tamoxifen (Tam), EdU administration and quantification of the proportion of
GFP+GFAP+ cells that had also incorporated BrdU or EdU. Olfactory bulb from
Control (H) and iENaC KO (I) stained as indicated. (J) Quantification of GFP+ cells in
different layers of olfactory bulb cortex as indicated. Note that cell numbers were
quantified by stereology, while in Figure 3M the cells were quantified in mm?® of OB
core tissue due to higher density of cells. Scale bars, 50 ym (A-B, H-1), 10 um (E,G).
Animals were tested at 11-13 weeks of age. N = 6-7 for Tam-treated. N = 4-5 for

BrdU-treated. * P < 0.05; ** P < 0.01 Data are presented as median + IQR.
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Figure 5. Effects of Fluid Flow on Cell Proliferation in SEZ

(A) Schematic depicting the experimental design for flow manipulation with SEZ
whole-mounts (anatomical directions: P = posterior, D = dorsal, A = anterior, V =
ventral). Representative images of en-face SEZ stained as indicated after being
subjected to control (B) or high (C) ACSF flow. (D) Quantification of number of Ki67+
and Ki67+DCX+ (Neuroblast) cells per mm?® of SEZ tissue without or with Benzamil.
Representative images of SEZ stained as indicated in iIENaC KO mice at 10 DPT
with control (E) and high fluid flow (F). Experimental design and cell quantification of
proliferating cells and neuroblasts in control and iENaC KO mice under control and
high flow (G). Representative images of SEZ stained as indicated (H,l). Quantification
of pErk+ cells per mm? of SEZ tissue without or with Benzamil (J). Scale bars, 20 pym.
Animals were tested at 7-10 weeks of age, N = 3-5. * P < 0.05; ** P < 0.01 Data are

presented as median * IQR.

Figure 6. Sodium and Calcium Imaging in SEZ Under Different Flow Conditions
(A) Schematic representation of an acute brain slice subjected to ACSF flow. (B) The
experimental design for sodium imaging. (C) Representative traces of changes in
SBFI fluorescence ratio as a function of time in SBFI-loaded SEZ cells. The red bar
indicates exposure to high flow. (D) The change in flow-induced SBFI fluorescence
ratio and intracellular sodium concentration in control flow-responsive cells. (E) The
experimental design for calcium imaging. (F) Representative still images of the
OGB1-loaded cells in SEZ used for the calcium imaging. Stem/progenitor cells (full
arrowhead), neuroblasts (empty arrowheads), ependymal cells (arrows) (G).
Representative traces of change in fluorescence (AF/F) as a function of time in
OGB1-loaded SEZ cells from control and iIENaC KO at 10 DPT. The red bar indicates

exposure to high flow. (H) Number of stem cells/progenitors sorted by their
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responsiveness to elevated fluid flow as indicated in the legend in control and iENaC
KO. (I) Frequency of calcium events per minute in baseline or high flow in GFP+
stem cells/progenitors of control and iIENaC. (J) Frequency of calcium events per
minute in ependymocytes. Animals were tested at 9-10 weeks of age, N = 3-4.
Representative images of en-face SEZ stained as indicated after being subjected to
control (K) or high flow with BTP-2 (L). (M) Quantification of number of Ki67+ and
Ki67+DCX+ cells per mm? of SEZ tissue. (N) Quantification of number of pErk+ cells
per mm?. Scale bars, 20 um. Animals were tested at 7-10 weeks of age, N = 3. * P <
0.05; ** P < 0.01; *** P < 0.001. Data are presented as mean + SEM (panels D, I, J

as they are normally distributed) or median £ IQR (panels M, N).
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