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ABSTRACT

Formation of the vertebrate brain ventricles requires both production of cerebrospinal fluid (CSF), and
its retention in the ventricles. The Na,K-ATPase is required for brain ventricle development, and we
show here that this protein complex impacts three associated processes. The first requires both the
alpha subunit (Atplal) and the regulatory subunit, Fxyd1, and leads to formation of a cohesive
neuroepithelium, with continuous apical junctions. The second process leads to modulation of
neuroepithelial permeability, and requires Atplal, which increases permeability with partial loss of
function and decreases it with overexpression. In contrast, fxydl overexpression does not alter
neuroepithelial permeability, suggesting that its activity is limited to neuroepithelium formation. RhoA
regulates both neuroepithelium formation and permeability, downstream of the Na,K-ATPase. A third
process, likely to be CSF production, is RhoA-independent, requiring Atplal, but not Fxyd1. Consistent
with a role for Na,K-ATPase pump function, the inhibitor ouabain prevents neuroepithelium formation,
while intracellular Na* increases after Atplal and Fxyd1 loss of function. These data include the first
reported role for Fxyd1 in the developing brain, and indicate that the Na,K-ATPase regulates three
aspects of brain ventricle development essential for normal function: formation of a cohesive

neuroepithelium, restriction of neuroepithelial permeability, and production of CSF.

© 2012 Elsevier Inc. All rights reserved.

Introduction

The vertebrate brain ventricular system comprises an essential
set of interconnected cavities, filled with cerebrospinal fluid (CSF).
Initially, CSF is produced by the neuroepithelium lining the
ventricles (Welss, 1934), and later also by the choroid plexus, a
series of vascularized secretory organs (Brown et al., 2004; Speake
et al, 2001). Brain ventricle development requires a cohesive
neuroepithelium with apical and basal polarity that can retain
fluid, a correctly shaped epithelium, production of CSF, and
expansion of the epithelium to accommodate the CSF (Ciruna
et al,, 2006; Gutzman and Sive, 2010; Hong and Brewster, 2006;
Lowery and Sive, 2005, 2009; Zhang et al., 2010). We previously
demonstrated a requirement for the Na,K-ATPase during zebrafish
brain ventricle development. Specifically, the snakehead (snk ©273)
mutant, corresponding to a point mutation in the alpha subunit
(atplal) of the Na,K-ATPase, fails to inflate its brain ventricles
(Lowery and Sive, 2005). This led to the hypothesis that snk ©273¢
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ventricles fail to inflate because CSF is not produced (Lowery and
Sive, 2005; Zhang et al.,, 2010).

The Na,K-ATPase is a protein complex composed of an alpha, beta,
and FXYD subunit. Alpha and beta subunits form a heterodimer that
is the minimal functional unit for catalytic activity and ion transport.
EXYD subunits differentially regulate the stability of the alpha
subunit, maximum catalytic activity, and apparent affinity for Na™,
K™, and ATP in a tissue specific manner (Mishra et al., 2011). FXYD1,
also called phospholemman, decreases the apparent K* and Na*
affinity of Na,K-ATPase (Crambert et al., 2002). However, in both
adult mouse cardiac myocytes and in Xenopus oocyte systems,
phosphorylation of FXYD1 at Ser®® by PKA can increase apparent
Na* affinity and pump current (Bibert et al., 2008; Pavlovic et al.,
2007). FXYD and alpha subunit proteins colocalize (Bossuyt et al.,
2006; Feschenko et al., 2003; Lansbery et al., 2006), and the crystal
structure of Na,K-ATPases further demonstrates that alpha and FXYD
subunits physically interact (Morth et al., 2007; Shinoda et al., 2009).
In rats, FXYD1 is enriched in the adult brain, specifically in the
cerebellum, choroid plexus, and ependymal lining of the ventricles
(Feschenko et al., 2003).

Several studies, in tissues outside the nervous system, suggest
that one function of the NaK-ATPase is to direct formation of
a normal epithelium. Analysis of Drosophila septate junction
formation suggested that regulation of these junctions by the
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Na,K-ATPase occurs in a pump-independent manner (Paul et al.,
2007). Conversely, tissue culture assays in MDCK cells show that
levels of intracellular [Na*] ([Na*];), regulated by the NaK-
ATPase alpha subunit, are correlated with the amount of RhoA-
GTP and epithelial junction integrity (Rajasekaran et al., 2001).
The Na,K-ATPase has been implicated in regulation of tight
junction proteins such as occludins and claudins, and thereby,
regulation of paracellular permeability (Rajasekaran et al., 2007;
Zhang et al., 2010).

In this study, we clarify the mechanisms by which the Na,K-
ATPase alpha subunit, Atplal, regulates brain ventricle develop-
ment and show for the first time a role for Fxyd1 during brain
development. The data demonstrate that the Na,K-ATPase acts as
a key regulator of brain ventricle formation by impacting three
processes: neuroepithelium formation, neuroepithelial perme-
ability and CSF production.

Materials and methods
Fish lines and maintenance

Danio rerio fish were raised and bred according to standard
methods (Westerfield et al., 2001). Embryos were kept at 28.5 °C
and staged accordingly (Kimmel et al., 1995). Lines used: wild
type AB, snakehead (snk t°273%) (Jiang et al., 1996), and heart and
mind (had™%3) (Ellertsdottir et al., 2006).

Antisense morpholino oligonucleotide (MO) injection

Start site or splice-site blocking morpholino (MO) antisense
oligonucleotides (Gene Tools, LLC) (Draper et al., 2001; Nasevicius
and Ekker, 2000) were injected into one cell stage embryos as
previously described (Graeden and Sive, 2009). The translational
start site MO targets bases —11 to +14 of atplal (5'-TCTCCTC-
GTCCATTTTGCTGCTTT-3’) (Yuan and Joseph, 2004) or —7 to —31
of fxydl (5-GTGGATTTAGCCTTTATCAAGCAGA-3'). Splice-site
blocking MOs include, atplal (exon5-intron6), 5'-AATATAATAT-
CAATAAGTACCTGGG-3, and fxyd1 (intron4-exon5) 5'-CTGTGA-
TAATCTAGAGAGAGAGACA-3'. Concentrations used were 0.5 ng or
1 ng atplal start site MO, 2.5 ng or 7.5 ng atplal splice site MO,
7.5 ng of fxyd1 start site MO, and 0.5 ng or 1 ng fxyd1 splice site
MO. Standard control MO used is 5'-CCTCTTACCTCAGTTACAATT-
TATA-3’ and p53 morpholino 5-GCGCCATTGCTTTGCAAGAATTG-
3’ (Gene Tools, LLC).

cDNA constructs

Full-length atplal cDNA constructs in pCS2+ were obtained
from the Chen lab (Shu et al., 2003). The Quik Change II XL site
directed mutagenesis kit (Stratagene) was used to modify wild
type atplal, to correspond to the mutation associated with
snk ©2739 which would lead to a G to A substitution at nucleotide
812 of the coding sequence (with the resulting clone called
atplalGA) (Lowery and Sive, 2005). Primers used for mutagen-
esis: snkma, 5'-CCGCACAGTCATGGATCGTATGCCACTCTCG-3’ and
snkmb, 5-CGAGAGTGGCAATACGATCCATGACTGTGCGG-3'. For
rescue of the atplal start site morphants, the translational start
site of atplal-pCS2+ was mutated from 5'-AAAAGCAGCAAAAT-
GGGACGAGGAGAA-3 to 5'-AAGAGTAGTAAGATGGGTCGGGGC-
GAA-3’ resulting in six mismatches within the MO target
sequence thus preventing MO binding.

Full-length fxyd1 was obtained from an EST clone (ID 6894873,
Open Biosystems) and subcloned into Stul site in pCS2+ with a
minimal Kozak consensus sequence adjacent to the initiating
ATG. This cDNA clone corresponds to a clone previously identified

by Sweadner and Rael (Sweadner and Rael, 2000), who suggested
the provisional terminology FXYD9dr. However, there is no FXYD9
in any mammalian species, and since this FXYD gene is most
closely related to human FXYD1 (Phospholemman), we have more
accurately named the zebrafish gene fxyd1.

C-terminal FLAG tagged Fxydl was generated using PCR.
Briefly, primers were designed to add a linker (S-G-G-G-G-S)
followed by the FLAG tag (DYKDDDDK) between the last codon
and stop codon using full length fxyd1 in pCS2+ as template.
Primers used were: fxyd1FLAGCtermF, 5'-GTCCTTGTAGTCA-
GAGCCGCCTCCACCAGAGCATTCACTCGCCCTCGCTGTGTC-3', fxyd1-
FLAGCtermR 5'-GACGATGACAAGTAAAAACCTGCTGACCTGAACCAA
TCAGAGGAG-3'.

pCS2+RhoAV14 and pCS2+RhoAN19 were kindly provided by
R. Winklbauer (University of Toronto) and K. Symes (Boston
University).

Capped atplal, atplalGA, fxyd1, RhoAV14, RhoAN19, mGFP and
fxyd1-FLAG were transcribed in vitro using the SP6 mMessage
mMachine kit (Ambion) after linearization. Embryos were
injected at the one-cell stage with 50 pg RhoAV14, fxyd1-FLAG,
or fxydl, 200 pg of atplal or atplalGA, 20 pg RhoAN19, or 10-
200 pg of mGFP mRNA.

RT-PCR

RNA was extracted from morphant and control embryos using
Trizol reagent (Invitrogen), followed by chloroform extraction and
isopropanol precipitation. RNA was pelleted by centrifugation, re-
suspended in water and precipitated with LiCl,. cDNA synthesis
was performed using Super Script Il Reverse Transcriptase
(Invitrogen) plus random hexamers. PCR was then performed
using primers which amplified the exonic and intronic sequence
surrounding the splice MO target. Primers used include: atplal
test F 5'-CTCTTTCAAGAATTTGGTTCCC-3', atplal test R 5'-CTCAA-
TAGAGATGGGGGTGC-3, fxyd1L 5'-CACAACCACGCATCAAACTT-3’,
fxyd1R 5'-CCGTCTCCTCTGATTGGTTC-3'. Primers used for detec-
tion of fxydl reverse transcript include: fxydloppL 5'-CGGGT-
CGTTTATAAGCATTGA-3' and fxydloppR 5'-TACGGTGGATCCTCCA-
CAAC-3'.

In situ hybridization

Standard methods for RNA probe synthesis containing digox-
igenin (DIG)-11-UTP, hybridization and single color labeling were
used as described (Sagerstrom et al., 1996). After staining,
embryos were fixed in 4% paraformaldehyde overnight at 4 °C,
and washed in PBT. Embryos were imaged into with a Nikon
compound microscope or Zeiss dissecting scope.

Brain ventricle injections, dye retention assay, and ventricle size
quantification

Brain ventricle injection and imaging have been described
previously (Gutzman and Sive, 2009; Lowery and Sive, 2005).

For assaying permeability, 70 kDa MW dextran conjugated to
FITC (Invitrogen; 2.5 ng/ml in water) was injected into the brain
ventricles at 22 hpf and imaged at various time-points as noted
in the text. Neuroepithelial permeability was quantified using
Image] software to measure the distance of the dye front from the
forebrain ventricle hinge-point. In Image], the line tool was used
to draw a line from the forebrain hinge-point to the dye front at a
10-20° angle from neuroepithelium. This region was chosen
because it is the first and most noticeable site of dye leaking
out of the wild type neuroepithelium. The net distance the dye
front moved over time was calculated by subtracting the distance
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at t=0 from other time points. Statistics were performed with
GraphPad InStat software.

Forebrain ventricle area was calculated by measuring pixels
per cm? of the forebrain ventricle with Image] software. Scanning
confocal stacks of the full depth of the forebrain ventricle were
taken and analyzed using 3D doctor (Able Software) to recon-
struct the forebrain ventricle and calculate volume in pm?.

Immunohistochemistry and western blots

Embryos were fixed in 4% PFA or 2% TCA and blocked in
2%NGS/1%Triton-X/1%BSA or 5%NGS/1%Triton-X. 50 um trans-
verse sections were obtained as described previously (Gutzman
and Sive, 2010). Na,K-ATPase levels in whole embryos or brains
(50 pg of protein) were analyzed via western blot as previously
described (Gutzman and Sive, 2010). Antibodies used: Phalloidin-
Texas Red/TRITC or Alexa-Fluor 633 (Molecular Probes), aPKC
(Santa Cruz), Zo-1 (Invitrogen), FLAG (Sigma), propidium iodide
(Invitrogen), Na,K-ATPase (alpha) (Cell Signaling Technology) and
GAPDH (Abcam).

Inhibitor treatments

Dechorionated embryos were incubated in 5mM ouabain
(Sigma) diluted in embryo medium. Not all embryos responded
to ouabain soaking at 16 hpf, likely due to difficulty penetrating
the embryonic epidermis at this stage. 50 uM ROCK inhibitor
(Calbiochem) was injected between the yolk and the brain under
the midbrain and hindbrain at 14 hpf or into the brain ventricles
at 22 hpf.

Intracellular Nat measurement

Dechorionated and deyolked embryos were collected at 24-
28 hpf in 300 pl of nuclease free water. Embryos were dounce
homogenized, spun at 1000 rpm, and supernatant collected.
CoroNa Green (Invitrogen 10 pM) was added to the supernatant
and fluorescence readings obtained using a Tecan Safire Il micro-
plate reader. A hemocytometer was used to determine number of
cells per embryo (Westerfield et al., 2001).

Results

Na,K-ATPase subunits, Atplal and Fxyd1, are required for brain
ventricle development

In order to extend our previous findings (Lowery and Sive,
2005) and investigate the mechanisms by which the Na,K-ATPase
alpha subunit, Atp1al, regulates brain ventricle development, we
tested the effect of partial loss of atplal using either a second
atplal mutant allele, had™®® (heart and mind) (Ellertsdottir et al.,
2006), or a morpholino-modified antisense oligonucleotide (MO)
to inhibit zygotic pre-mRNA splicing (splice site MO)(Draper
et al.,, 2001). In all cases, as previously described (Lowery et al.,
2009; Lowery and Sive, 2005; Zhang et al., 2010), brain ventricle
inflation was reduced at 24 hours post fertilization (hpf) and all
images shown are representative of the phenotype observed (Fig. 1A-
D; snk ©°27%_g5% normal ventricles (n=39), had™®3—70% normal
ventricles (n=55), atplal splice—20% normal ventricles (n=31)).
After more extensive loss of atplal, using a previously published MO
(Yuan and Joseph, 2004) targeted to the translational start site (start
site MO), no brain ventricle lumen was visible (Fig. 1E; 0% normal
ventricles (n=60)) (Nasevicius and Ekker, 2000). Consistent with a
dose response to Atplal levels, there was a correlation between brain

ventricle inflation and the amount of remaining wild type atplal RNA
in atplal splice site morphants (Fig. SIC-H).

The effect of the Atp1al splice site MO, as identified by RT-PCR
and sequencing of the resulting products, was to generate an early
stop codon in the 4th extracellular loop of atplal due to the
retention of intron 5 (Fig. S1A). This intron inclusion was
predicted to ablate Atplal pumping function. Specificity of the
MO phenotypes was shown by phenotypic rescue after co-injec-
tion of the MO with 200 pg of the cognate zebrafish mRNA that
does not bind the MO sequence (atplal splice rescue—100%
normal ventricles (n=31), atplal start rescue—100% normal
ventricles (n=35), Fig. S1B). The mRNA injected for rescue of
the splice site MO had a partial, non-functional target present,
while the mRNA used to rescue the start site MO was mutated to
prevent MO binding.

The function of zebrafish fxyd1 has not previously been described.
fxyd1 is expressed zygotically, that is, mRNA is not detected by RT-
PCR at 3 hpf prior to mid-blastula transition (MBT), but is observed at
10 hpf after MBT when zygotic transcription begins (Fig. S1I). Con-
sistently, we observed, by in situ hybridization, fxyd1 expression
within the embryonic brain from 10 hpf to 24 hpf (Fig. S1K-P) but not
prior to MBT (data not shown). In performing controls for in situ
hybridization specificity, an antisense non-protein coding transcript
was reproducibly detected, and was confirmed using appropriate
primers, by RT-PCR (Fig. S1I-P). This has not previously been reported
for any fxyd gene, and the significance is unknown. However, recent
data have identified a group of non-coding RNAs which may have
profound regulatory function, but further investigation into a putative
function of the non-coding transcript will need to be performed in the
future (Ulitsky et al., 2011). Further analysis was done on the fxyd1
protein coding transcript. Loss of function, using a splice site MO
targeting the fxyd1 protein coding strand, resulted in absence of brain
ventricle inflation in 24 hpf embryos (Fig. 1F, 0% normal ventricles
(n=114)), demonstrating a requirement for Fxydl during brain
ventricle development. Specification of early brain regions in fxyd1
morphants was normal, as judged by in situ hybridization for pax2a,
shh and krox20, during somitogenesis (18-22 hpf). By 18 hpf, these
embryos showed a shortened antero-posterior axis suggesting an
earlier convergence and extension phenotype. From 24-48 hpf, fxyd1
morphants showed severe heart edema and curved tail (data not
shown). As measured by RT-PCR and sequencing of the resulting
products, fxyd1 splice site morphants have a deletion of the FXYD and
transmembrane domains, due to an excision of exon 5, with no
remaining wild type fxyd1 mRNA detectable (Fig. S1A). Specificity was
confirmed since the phenotype could be prevented by co-injection of
50 pg of the corresponding zebrafish mRNA that does not bind the
MO (Fig. S1B; 86% normal ventricles (n=21)). Higher levels of fxyd1
mRNA injected led to a lethal phenotype, indicating that the embryo
is sensitive to specific levels of fxydl mRNA. A second MO targeting
the start site of fxyd1, synergized with low levels of a fxyd1 splice site
MO to give a phenotype similar to that seen with high levels of the
splice site MO, further confirming specificity of morphant phenotypes
(Fig. S1Q-X). The fxyd1 splice site MO was more potent and therefore
used for the rest of the study.

The severity of the atplal start site morphants, which lacked
brain ventricle inflation and had abnormal neural tube refractivity,
led us to examine apical polarity, marked by aPKC, and the apical
junction complex using phalloidin (actin) or Zo-1 (Fig. 1G-R). In wild
type embryos, junction and polarity proteins form a continuous
apical band lining the ventricles (Fig. 1G, M). Partial loss of atplal
does not change localization or continuity of the apical junctions
(Fig. 1H-], N-P) likely due to maternal contribution of Atplal.
However, after greater loss of function elicited by an atp1al start site
MO, or by fxyd1 splice site MO, apical junction and polarity proteins
are discontinuous, with non-polarized cells crossing the midline and
multiple small lumens forming (Fig. 1K-L, Q-R).
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Fig. 1. The Na,K-ATPase is required for brain ventricle development. (A)-(F) Loss-of-function Na,K-ATPase embryos brightfield dorsal view images of wild type (A), partial
loss of atplal with mutants snk ©°273% (B) and had™®? (C) and splice site MO (D) or severe loss of atplal with start site MO (E) and loss of fxyd1 using a splice site MO (F).
(G)-(R) Neuroepithelium formation in Na,K-ATPase morphants/mutants labeled with Zo-1 (G)-(L) or aPKC (green) and actin (phalloidin; red) (M)-(R). Images taken at
24 hpf with anterior to the left. (S) Experimental design. Red line indicates region of transverse section in 12 hpf embryo next to corresponding model of transverse section
with apically localized junctions (green lines). (T)-(V) Transverse vibratome sections of 12 hpf embryos stained with Zo-1 (green) and propidium iodide (red) in control (T)
atplal start site MO (U), and fxyd1 MO (V). (T')-(V’) Zo-1 only. Arrow indicates neuroepithelial apical junction complex. OV=optic vesicle. Asterisk=ear, F=forebrain,

M=midbrain, H=hindbrain. Scale bars=50 pm.

In order to determine whether apical junctions initially form,
localization of Zo-1 was examined in transverse sections of the
anterior neural tube at 12 hpf, when apico-basal polarity and
junctions are first established (Fig. 1S). In control embryos, Zo-1 is
expressed continuously at the apical surface of the neural tube
(Fig. 1T, n=8). Conversely, in atplal start site and fxyd1 mor-
phants, Zo-1 expression is patchy and scattered throughout the
neuroepithelium (Fig. 1U-V; atplal start MO—n=9, fxydl
MO—n=10). Therefore, Atplal and Fxyd1 are required during
initial neuroepithelium formation.

These data show that Fxyd1l is required for formation of a
correctly polarized, continuous neuroepithelium, and are the first
demonstration of a function for this gene during brain development.
The data also show that partial loss of atplal function leads to
failure of ventricle inflation, and that more complete loss of function
leads to absence of a polarized and continuous epithelium.

Atplal regulates neuroepithelial permeability

Reduced brain ventricle inflation in atplal partial loss-of-
function embryos may be due to either abnormal CSF production
or the inability of the neuroepithelium to retain fluid. We tested
whether atplal loss of function increased epithelial permeability,
using a dye retention assay. In this assay, FITC-Dextran was
injected into the brain ventricles at 22 hpf, and leakage of the
dye out of the ventricles was monitored. A 70 kDa FITC-Dextran
was chosen as it leaks out of the brain slowly, thereby allowing

for identification of conditions that increase or decrease perme-
ability. The distance traveled by the dye over time, was measured
from the forebrain hinge-point to the furthest dye front, indicated
by the white bar (Fig. 2A-F). This region was chosen because it is
the first and most noticeable site of dye leaking out of the wild
type brain (Fig. 2B). In snk ©27>® sibling embryos (wild type and
heterozygotes), very little dye movement was observed (Fig. 2A-
C, G). However, in snk ©?7% or had™®® mutant embryos, or after
injection of atplal splice site MO, dye begins to leak out of the
neuroepithelium immediately after injection (Fig. 2D-I; snk ©273%__
n=13, p<.0001; had™®_n=15, p<.001; atplal splice MO—n=
10, p <.05). Thus, although apical junction proteins properly loca-
lize, junctions do not function like wild type. Consistently, the
snk ©°2739 brain does not retain a 500 kDa FITC-Dextran whereas
the wild type brain does demonstrating that these neuroepithelia
are selectively permeable to dyes of different molecular weights
(Fig. S2).

Since permeability is increased in atplal loss-of-function
experiments, we hypothesized that the converse would be true,
that is, that atplal overexpression in wild-type embryos would
increase CSF retention relative to controls. We therefore tested
neuroepithelial permeability in embryos injected with 200 pg of
atplal mRNA and observed a decrease in permeability, consistent
with this hypothesis (Fig. 2], n=10, p <.005). Additionally, fore-
brain ventricle area and volume increased in embryos over-
expressing atplal, compared to control injected embryos
(Fig. S3A-B, D-E; n=10). We conclude that Atplal regulates
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neuroepithelial permeability, and correlated with this, controls
brain ventricle volume. Thus, part of the snk °>”>® mutant and
atplal splice site morphant phenotypes is likely due to the
inability of the neuroepithelium to retain CSF.

Na,K-ATPase pumping is required for brain ventricle development

The Na,K-ATPase is proposed to be a scaffolding complex as
well as a pump (Krupinski and Beitel, 2009). Thus, we asked
whether pumping is required for brain ventricle development.
Treatment with the pump inhibitor, ouabain (Linask and Gui,
1995), at 5 hpf (mid-gastrula stage) resulted in embryos with
severely disrupted apical junctions (Fig. 3A-D; 0% normal ven-
tricles (n=50)), similar to the effects of injecting an atplal start
site MO. Ouabain treatment at 16 hpf, after neuroepithelium
formation, resulted in embryos with reduced ventricle inflation,
correctly localized apical junctions (Fig. 3E-F; 25% normal ven-
tricles (n=67)), but increased permeability (Fig. 3G; n=12,
p <.05). Consistently, injection of mRNA encoding the putative
pump-deficient snk ©273® mutant atplal (atplalGA) (Lowery
and Sive, 2005) did not rescue brain ventricle development
after atpilal loss of function (Fig. S4A-]) where wild type atplal
mRNA rescued both neuroepithelium formation and brain ven-
tricle inflation (Fig. S4K-L). These data show that the pump
activity of zebrafish Atplal is essential during brain ventricle
development.

Additionally, we predicted that loss of Atplal function would
lead to increased intracellular Na* concentration ([Na™];) in the
brain, and if Fxyd1 modulates pump function, [Na™]; would also
increase in fxyd1 loss-of-function embryos. Therefore, we mea-
sured [Na*]; in whole embryos after inhibition of the NaK-
ATPase. Since inhibiting the Na,K-ATPase using ouabain treatment
or morpholinos affects the whole body and atplal and fxyd1 are
expressed ubiquitously (Fig. S10-P) (Canfield et al., 2002;
Ellertsdottir et al.,, 2006), we assumed that changes in whole

embryo [Na™]; were representative of differences within the
brain. Changes in [Na*]; after Na,K-ATPase loss of funtion were
quantified relative to [Na™]; levels in control MO injected
embryos, whose [Na™ ]; was set equal to 1. [Na™]; levels in control
embryos was constant between several pools of embryos exam-
ined (Fig. 3H), indicating that [Na*]; measurements can be
compared between experiments. As predicted, we observed a
2.5 fold increase in [Na™]; in embryos treated with ouabain from
5-24 hpf compared to controls (Fig. 31, p <.005), and a smaller
increase in those treated with ouabain from 16-24 hpf (1.3 fold;
Fig. 3]). Relative to controls, [Na*]; also increased in embryos
injected with high levels of atplal start site MO (1.7 fold; p <.05;
Fig. 3K) or fxyd1 MO (1.5 fold; p <.05; Fig. 3L), and slightly after
partial loss of atp1al via the splice site MO (1.2 fold; Fig. 3M). We
found that neuroepithelium abnormality was generally correlated
with the highest [Na™];, (Fig. 31, K-L).

Interestingly, while both ouabain treatment from 5-24 hpf,
and atplal start site MO led to similar phenotypes with regard to
development of the neuroepithelium, levels of [Na*]; in ouabain-
treated embryos were higher than after injection of the atpial
start site MO. This difference is likely due to inhibition of
maternal Atplal protein function and that of other alpha sub-
units by ouabain, whereas the start site MO would not inhibit
maternal protein, nor affect other subunits. Consistently, levels of
[Na*]; in both snk ©273% and had™®3 mutant embryos, were
higher than controls (Fig. S4M-N, snk ©?73¢=2 4 fold increase,
p <.05; had™®¥3=2.0 fold increase, p <.001). The atplal missense
mutant, snk ©°273% also showed somewhat higher [Na* |; (Fig. S4M)
relative to atplal start site MO (Fig. 3K) (2.4 fold for snk 2734
versus 1.7 fold for atplal start site MO relative to controls). We
hypothesized that the protein produced in snk °>7¢ retained
some activity affecting [Na™]; but not neuroepithelium formation.
Consistently, injection of atplalGA mRNA into atplal start site
morphants, led to elevated [Na™]; compared to atplal start site
MO alone (Fig. S40, p < .05).
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Fig. 3. Na,K-ATPase pumping is required for brain ventricle development. (A)-(F) Wild-type embryos either untreated (A)-(B) or ouabain treated from 5-24 hpf (early; C)-
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Thus, [Na*]; increases after inhibition of Na,K-ATPase with
ouabain or after knockdown of Atplal or Fxyd1 subunits. More-
over, this suggests that Fxyd1 promotes Atplal function, how-
ever, we cannot rule out another independent role for Fxyd1.

Atplal and Fxyd1 co-regulate brain ventricle development

Data from other tissues and in vitro systems, suggest that
Atplal and Fxyd1l physically and functionally interact (Bibert
et al., 2008; Bossuyt et al., 2006; Crambert et al., 2002; Lansbery
et al., 2006; Mishra et al., 2011; Morth et al., 2007; Pavlovic et al.,
2007; Shinoda et al., 2009). To determine whether Atplal and
Fxyd1 functionally interact, we injected embryos with low, sub-
effective concentrations of atplal splice site MO and fxydl MO
together, which resulted in a non-cohesive neuroepithelium (0%
normal ventricles (n=17)), whereas the individual MOs do not
give a phenotype (Fig. 4A-D; atp1lal splice site MO=100% normal
ventricles (n=14); fxydl MO=100% normal ventricles (n=19))
suggesting these subunits functionally interact. Consistently,
whereas embryos injected with low atplal or fxyd1l MOs had
wild type levels of [Na™ ];, the combination of MOs was associated
with increased [Na™]; (Fig. 4E-G).

Studies in cell culture suggest that FXYD subunits localize,
stabilize and prevent degradation of alpha subunit protein
(Mishra et al., 2011). In order to ask whether similar functions
for Fxyd1 were present in the developing brain, we examined
Atplal levels and localization in loss-of-function embryos by
Western blot and immunohistochemisty. As expected, levels of
Atplal in atplal loss-of-function embryos were lower than
controls and the protein remaining appeared as puncta enriched
along the apical surface (Fig. 4H-M, O-S). In fxyd1 morphants,
levels of Atplal did not decrease, in either whole embryos or
dissected heads (Fig. 4H), indicating that Fxyd1 does not stabilize
Atplal. However, Atplal expression was dispersed in the fxyd1
morphant neuroepithelium (Fig. 4N, T) demonstrating the neces-
sity for Fxyd1 in correct localization of Atplal. Consistently, co-
localization of Atplal and Fxyd1 was observed as overlapping or

adjacent protein staining of FLAG tagged Fxyd1 and endogenous
Atplal (Fig. 4U-V). In addition, Atplal was enriched apically
while Fxyd1 was present at higher levels laterally (Fig. 4W-X)
suggesting some independent activity.

Consistent with discrete functions for these subunits, overex-
pression of 200 pg fxyd1 mRNA in atplal start site morphants does
not rescue junction formation suggesting that Fxyd1 cannot sub-
stitute for Atplal function during neuroepithelium formation
(Fig. 5A-H). Overexpression of fxydl mRNA alone does not affect
neuroepithelial permeability (Fig. 5G, M) or brain ventricle size
(Fig. S3C-D). Additionally, injection of 50 pg of fxyd1 RNA did not
restore inflation or alter neuroepithelial permeability when over-
expressed after partial loss of Atplal function (Fig. 5G-M). The
specific amounts injected were titrated to the maximum that
allowed normal embryonic development. Together, these data
support the conclusion that Fxyd1l does not normally regulate
neuroepithelial permeability or brain ventricle inflation. Further,
overexpression of atplal could not substitute for loss of Fxydl
function in fxyd1 morphants (Fig. 5SN-S). The amount of atplal and
fxydl mRNA used in these assays was the same as was used to
rescue the phenotypes caused by atplal or fxydl MOs, respectively.

Together, the data demonstrate functional interaction, co-
localization and regulation of [Na™]; by zebrafish Fxydl and
Atplal in the developing neuroepithelium, and show that these
proteins have non-redundant functions during ventricle formation.

Constitutively active RhoA rescues neuroepithelium cohesiveness but
not brain ventricle inflation

Based on experiments in cell culture (Rajasekaran et al., 2001),
we hypothesized that RhoA acts downstream of the Na,K-ATPase
during brain ventricle development. Injection of mRNA encoding
a constitutively active human RhoA, RhoAV14, resulted in forma-
tion of a continuous neuroepithelium in control, atplal start site,
and fxyd1 morphants (Fig. 6A-L, S5A-B; atplal start site=80%
normal ventricles (n=12); fxydl MO=80% normal ventricles
(n=20)). However, RhoAV14 expression in atplal start site
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Fig. 4. Atplal and Fxyd1 synergy, interaction and colocalization. (A)-(G) Atplal synergizes with Fxyd1. Brightfield dorsal (A)-(D), lateral (A’)-(D’) and Zo-1 staining
((A")-(D"); different embryos imaged than (A)-(D)) and measurement of [Na™ |; with corresponding brain ventricle phenotype (E)-(G), in control (A), low atp1al splice MO

(B,E), low fxyd1 MO (C), (F) or together (D), (G) at 24 hpf. Data representative of 3

-6 experiments as fold change relative to control=1; mean +/— SEM. (H) Western

quantification of Atplal (NaK) in 24 hpf whole embryos normalized to GAPDH. Representative of 3-4 independent experiments; mean +/— SEM. (I)-(T) Atplal (NaK) in

18 hpf control MO (1), (0), atplal start site MO (J), (P), atplal splice site MO (K), (Q),

snk 2734 (L), (R), had™®83 (M), (S) and fxyd1 MO (N), (T). NaK alone ((I)-(N), green) or

with phalloidin ((0)-(T), actin, red). (U)-(X) Localization of Atplal (NakK; red) and Fxyd1-FLAG (green), phalloidin (blue) in fxyd1 MO embryos rescued with fxyd1-FLAG
overexpression and imaged at 24 hpf. (U')-(X’) Higher magnification indicated by box in (U)-(X). Co-localization (yellow arrow), adjacent (orange arrow), Atplal alone
(white arrow) and Fxyd1 alone (blue arrow). Anterior to left. Asterisk=ear. H=hindbrain. Scale bars=10 um (U)-(X), 50 pm (A)—(T).

morphants (Fig. 6E-H) or in snk ©?73% mutants (Fig. 6M-P) did not
lead to brain ventricle inflation, suggesting that brain ventricle
inflation is a RhoA independent proccess. In contrast, expression
of RhoAV14 in fxydl morphants not only restored a continuous
neuroepithelium, but also led to fully inflated brain ventricles
(Fig. 61-L) further supporting the hypothesis that Fxyd1 is not
required for brain ventricle inflation. Expression of a dominant

negative RhoA (RhoAN19; Fig. 6Q-R; 0% normal ventricles
(n=22)) or incubation in an inhibitor of ROCK (Y27632), a target
of active RhoA (Amano et al., 2000) (Fig. S5C-N), resulted in a
discontinuous neuroepithelium, supporting a normal requirement
for RhoA during brain development. These results suggest that
Fxyd1l and Atplal act through RhoA during neuroepithelium
formation.
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One explanation for the inability of RhoAV14 to restore brain
ventricle inflation to snk ‘2724 mutants, despite a continuous
neuroepithelium, is that the neuroepithelium was leaky and could
not retain CSF. In wild-type embryos, expression of RhoAV14
increased dye retention, and therefore decreased permeability
(Fig. 6S; p < .05). Significantly, RhoAV14 expression also decreased
permeability of the snk ©°?73¢ neuroepithelium, into the wild type
range (Fig. 6T; p <.05), indicating that a RhoA is required for
regulation of neuroepithelial permeability. Further, although RhoA
overexpression in snk ©?737 embryos rescued neuroepithelial
permeability, brain ventricle inflation remained reduced suggest-
ing that a RhoA-insensitive process is necessary for brain ventricle
inflation.

These results indicate that RhoA signaling acts downstream of
Atplal and Fxyd1l to regulate neuroepithelium formation and
permeability. The data also delineate a RhoA-insensitive step in
brain ventricle inflation, likely CSF production, which is depen-
dent on Atplal, but not on Fxyd1 function.

Discussion

The Na,K-ATPase has a well-known role as a modulator of
membrane potential in neurons and is essential for generating an
action potential. However, this protein complex has additional
activities, and this study uncovers three processes in the devel-
oping brain that are regulated by NaK-ATPase function to
culminate in the formation of the brain ventricular system:
neuroepithelium polarity and junction formation, neuroepithelial
permeability and CSF production (Fig. 7A). The ability of a single
protein complex to regulate multiple aspects of brain ventricle
formation and inflation suggests that the Na,K-ATPase is a pivotal
regulator of ventricle volume.

Dissecting the activities of the Na,K-ATPase during brain ventricle
formation

Several experimental approaches allowed for division of the
Na,K-ATPase function into activities relevant for brain ventricle
development, occurring sequentially and coordinately after neural
tube closure. Formation of continuous apical neuroepithelial
polarity and junctions requires RhoA activity downstream of both
Atplal and Fxyd1 (Fig. 7B). Na,K-ATPase pumping appears to be
important in establishing rather than maintaining junctions since
adding the pump inhibitor, ouabain, after initial junctions had
formed, did not disrupt the neuroepithelium.

By further exploring the interface with RhoA signaling, we
showed that Atplal had two additional activities. RhoA could
substitute for one of these functions, modulation of neuroepithe-
lial permeability (Fig. 7C), however, the other was a RhoA-
independent role uncovered by failure of RhoA to substitute for
Atplal during ventricle inflation, despite promoting wild type
neuroepithelial permeability. This activity is likely to be CSF
production (Fig. 7D). Once the neuroepithelium has formed,
equilibrium between drainage from the ventricles and CSF pro-
duction would maintain a normal ventricular volume. The
amount of active Atplal may regulate the equilibrium, since
different levels of this protein can increase or decrease perme-
ability and ventricle size. Thus, the strong phenotypes observed in
Atplal mutants, are likely a composite of both impaired CSF
production and retention.

The role of Fxyd1 during brain ventricle development

This is the first report of a requirement for Fxyd1 function in
the developing brain. FXYD1 knockout mice show no apparent
brain phenotype, suggesting functional redundancy not present in
zebrafish. FXYD1 adult null mice had increased cardiac mass,
larger cardiac myocytes and, consistent with results in zebrafish,
show 50% reduced Na,K-ATPase activity in mutant hearts relative
to wild type (Jia et al., 2005). Fxyd1 appears to have a distinct role
during brain ventricle formation, since it is required for neuroe-
pithelium formation but, unlike Atp1al, not for subsequent steps
that lead to ventricle inflation. Consistently, overexpression of
Atplal does not substitute for Fxyd1, and vice versa. While
synergy between atplal and fxyd1 loss of function supports a
major role for Fxyd1l as a regulator of Atplal pumping, Fxyd1
may also have additional activity, that could modulate [Na™];,
for example, by inhibiting the Na*/Ca?* exchanger (Zhang et al.,
2003).

Connection between Na,K-ATPase function, RhoA signaling,
neuroepithelium formation and permeability

How does the Na,K-ATPase modulate RhoA function, which
impacts both neuroepithelial polarity and permeability? One
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Fig. 7. Model for requirement of Na,K-ATPase during brain ventricle development.
(A) Brain ventricle development is a three step process that requires establish-
ment of neuroepithelial polarity and junctions and regulation of neuroepithelial
permeability allowing for CSF retention, in addition to CSF production. Brain
ventricle inflation occurs via CSF retention and CSF production. (B) Neuroepithelium
formation requires RhoA which acts downstream of Fxydl and Atplal.
(C) Neuroepithelial permeability requires RhoA which acts downstream of only
Atplal. (D) CSF production is RhoA—insensitive and requires Atplal.

possibility is that depolarization of the cell by the Na,K-ATPase
leads to RhoA activation. In cell culture, depolarization of epithe-
lial cells activates the Ras/MEK/ERK pathway (Waheed et al.,

2010), by promoting GEF activity and increasing RhoA-GTP levels.
In kidney tubular cells (LLC-PK1) and MDCK cells, depolarization
activates RhoA and ROCK leading to Myosin Light Chain phos-
phorylation (Szaszi et al., 2005). However, in no case is the
mechanism connecting depolarization and RhoA activation
understood.

Unlike the case in Drosophila trachea formation (Paul et al.,
2007), our data indicate a requirement for Na,K-ATPase pump
function in epithelium formation. Multiple differences between
fly and vertebrate junctions (Knust and Bossinger, 2002) likely
explain these different requirements for the Na,K-ATPase. Con-
sistent with our study, Na,K-ATPase pumping is required for
formation of continuous junctions and lumens in the zebrafish
heart and gut (Bagnat et al., 2007; Cibrian-Uhalte et al., 2007).

We propose that RhoA regulates paracellular permeability in
the zebrafish neuroepithelium, based on the size selectivity of our
dye retention assay. However, we cannot rule out some contribu-
tion of vesicular transcellular pathways. Consistently, Claudin5a,
a barrier claudin, and component of the tight junction complex
responsible for paracellular ion transport and selectivity, is
required for brain ventricle inflation and permeability (Terry
et al., 2010; Zhang et al., 2010). In cell culture, RhoA activation
promotes claudin phosphorylation and regulates permeability by
modulating claudin-claudin interactions or recycling tight junc-
tion components (Yamamoto et al., 2008). Thus, there are plau-
sible connections between the Na,K-ATPase, RhoA and claudins.

Modulation of CSF production by the Na,K-ATPase
Ventricle “inflation” is a scorable phenotype, but not a discrete

process, as it includes formation of a non-leaky epithelium as well
as CSF production, which appears to be a RhoA-insensitive
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process. This is likely to be mediated by the osmotic gradient
formed as a result of a membrane potential difference, under
control of the NaK-ATPase and other pumps and channels
(Fig. 7D) (Brown et al., 2004; Pollay et al., 1985). Production of
CSF requires both movement of water into the ventricular lumen,
as well as secretion of proteins and other factors. The role of the
Na,K-ATPase in water movement may occur either via Aquaporins
in the plasma membrane or through the paracellular pathway.
Although Aquaporin 1 is strongly expressed in the choroid plexus
and knockout mice have abnormal CSF production (Oshio et al.,
2003), analysis of Aquaporin activity during initial ventricle
inflation has not been explored. There is little data to suggest
whether Na,K-ATPase regulates protein secretion into the ventri-
cular lumen, although one report implicates Na,K-ATPase during
FGF2 secretion in primate cells (Dahl et al., 2000). Analysis of the
role of Na,K-ATPase during protein secretion and water move-
ment that results in brain ventricle inflation will be a future
direction of this study.

Significance of Na,K-ATPase activity during brain ventricle volume
control

Either an increase or decrease in CSF volume can be patholo-
gical throughout life (Lowery and Sive, 2009), correlating with
changes in pressure and CSF composition (Desmond et al., 2005;
Gato et al., 2005). Since the amount of functional Na,K-ATPase can
regulate brain ventricle size in a graded manner, this pump may
play a “volume sensor” and homeostatic role. The molecular basis
for non-obstructive hydrocephalus is not clear, and our data
suggest possible input from Na,K-ATPase function. In addition to
the regulation described in this study, Na,K-ATPase activity can be
fine-tuned by differential expression of beta and Fxyd subunits
which modulate pump activity, expression level and correct
cellular localization (Geering, 2001, 2006; Wilson et al., 2000).
Therefore a slight disruption of Na,K-ATPase subunits could lead
to drastic changes in activity and abnormal CSF levels.
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