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SUMMARY

A major class of human birth defects arise from
aberrations during neural tube closure (NTC). We
report on a NTC signaling pathway requiring T-type
calcium channels (TTCCs) that is conserved between
primitive chordates (Ciona) and Xenopus. With
loss of TTCCs, there is a failure to seal the anterior
neural folds. Accompanying loss of TTCCs is an
upregulation of EphrinA effectors. Ephrin signaling
is known to be important in NTC, and ephrins can
affect both cell adhesion and repulsion. In Ciona,
ephrinA-d expression is downregulated at the end of
neurulation, whereas, with loss of TTCC, ephrinA-d
remains elevated. Accordingly, overexpression of
ephrinA-d phenocopied TTCC loss of function, while
overexpression of a dominant-negative Ephrin re-
ceptor was able to rescue NTC in a Ciona TTCC
mutant. We hypothesize that signaling through
TTCCs is necessary for proper anterior NTC through
downregulation of ephrins, and possibly elimination
of a repulsive signal.

INTRODUCTION

Neurulation, the process that transforms the neural plate into the

neural tube, is a hallmark of the chordates. Although the details

of neural tube closure (NTC) vary between species (Harrington

et al., 2009), broadly conserved cytoskeletal mechanisms bring

together the two lateral edges of the neural plate followed by

their fusion at the dorsal midline. Disruption of NTC cellular

mechanisms, such as those generating apically polarized con-

strictions in the epithelial neural plate cells, causes severe and

sometimes irreparable defects in the spinal cord and brain

(Haigo et al., 2003; Ybot-Gonzalez and Copp, 1999). Similarly,

mutations that disrupt the planar cell polarity pathway genes,

such as dishevelled and vangl2, have been shown to disrupt

convergent extension movements necessary for NTC (Murdoch

et al., 2001;Wallingford andHarland, 2001). The final step of NTC

is neural fold adhesion and fusion, and some key factors, such as

the products of the grhl2 and N-cadherin genes, have been

found through reverse and forward genetic approaches (Bron-

ner-Fraser et al., 1992; Pyrgaki et al., 2011).
C

Despite the wealth of studies, our understanding of NTC re-

mains incomplete and insufficient to explain the spectrum of hu-

man NTC defects (Greene and Copp, 2014; Wallingford et al.,

2013). We describe a regulatory step in NTC that requires

signaling through T-type calcium (Ca2+) channels (TTCCs) for

proper fusion of the closing neural tube. The requirement for T-

type Ca2+ signaling appears to be late in NTC, and is distinct

from earlier Ca2+ signaling events that are required for neural

plate induction (Hackley et al., 2013; Leclerc et al., 2012), as

well as from mechanisms of cell polarity and cytoskeletal-driven

neural plate folding.

The original observation of the requirement for TTCCs in chor-

date NTC came from mapping analysis of mutant, bugeye (bug)

in the ascidianCiona savignyi (Abdul-Wajid et al., 2014). Here, we

extend these observations from C. savignyi and show conserva-

tion of this gene function during NTC in the amphibian Xenopus

laevis.

RESULTS

Loss of CAV3 Results in an Open Anterior Neural Tube
In a screen for spontaneous mutants in wild-collected Ciona sa-

vignyi (Veeman et al., 2011), we identified a recessive line

(bugeye) with an open brain phenotype and mapped the causa-

tivemutation to the cis-regulatory region of the single TTCC gene

(CAV3) of the C. savignyi genome (Abdul-Wajid et al., 2014).

Further experiments showed that the expression level of CAV3

was greatly reduced in homozygous bugmutants relative to their

wild-type siblings, suggesting that deficient Ca2+ signaling

through the CAV3 channel was responsible for the open brain

phenotype. To investigate this possible causative link further,

the CAV3 gene in the closely related species Ciona intestinalis

was targeted with CRISPR/Cas9 genome editing (Ran et al.,

2013). Like C. savignyi, C. intestinalis has only a single CAV3

gene (Okamura et al., 2005). We targeted the C. intestinalis

CAV3 gene using two guide RNAs complementary to exon 3

and 49. Nuclear Cas9 was expressed using the ubiquitous

EF1alpha promoter (Stolfi et al., 2014). The eggs also received

the plasmid ETR1 > H2B:GFP to mark cells of the CNS (Veeman

et al., 2010). At the late tail-bud stage, a bugeye(bug)-like pheno-

type (i.e., open brain) was observed in 17%of the electroporated

embryos (n = 362) versus 3% (n = 374) of embryos receiving

a control guide RNA (Figures 1A and 1B) (p = 0.0001, Fisher’s

exact test). If bothCAV3guideRNAscleaved the target sequence

successfully, an expected deletion of �23 kb of DNA from
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Figure 1. CAV3 Is Required forCiona intesti-

nalis Neural Tube Closure

(A and B) Representative C. intestinalis embryos

expressing a control guide RNA (sgRNA) (A) or

guide RNAs targeting exons 3 and 49 of the

C. intestinalis CAV3 gene (CAV3 sgRNA) (B).

See also Figure S1. Green fluorescence from a

pan-neural ETR1 promoter driving nuclear GFP

construct marks neural tube cells.

(C and D) Bug mutants differentiate and polarize

the anterior neural tube. Bugeye (bug) and wild-

type siblings were stained for the neural markers

CRALBP, Opsin, and Arrestin, as indicated.

(E and F) Immunostaining for the cell polarity

marker aPKC in wild-type and bug mutants. s.v.,

sensory vesicle; n.d., neurohypophyseal duct; v.g.,

visceral ganglion. The staining intensity is consis-

tent between bug and wild-type, although the

sensory vesicle in bug embryos is open (arrow-

heads in F). Views are dorsal.

(G and H) Phalloidin staining of bug and wild-type

sibling larvae.

The most intense staining is in red. cnt, caudal

neural tube; osp, oral siphon primordium. Scale

bar, 24 mm.
C. intestinalisCAV3genewould beproduced.UsingPCRprimers

spanning the outer edges of the target sites, an �130-bp PCR

product was detected in the bug-like C. intestinalis embryos,

but not in the control guide RNA electroporated embryos (Fig-

ure S1A). Sequences of several cloned PCR products confirmed

they were generated from the targeted region, and that they

contained large and variable deletions (Figure S1B).

CNS Cells in the Bug Mutant Are Differentiated
and Polarized
NTC defects, whether genetic or environmental, can be placed

into two broad, and non-mutually exclusive, categories: those

that arise from failure of neural tube differentiation and those

that arise due to defects in the mechanics of neural tube folding
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and/or adhesion (Wallingford et al., 2013).

In C. intestinalis, we previously character-

ized the mutant frimousse, which causes

severe defects to the anterior neural

tube, including a failure in brain closure

(Deschet and Smith, 2004; Hackley

et al., 2013). This mutation, the product

of a lesion in a connexin gene, results

from a failure to maintain neural induction

in the anterior neural plate and is evident

in the loss of expression of anterior CNS

genes, and in the aberrant expression of

an epidermal gene in the mis-specified

brain. In contrast to frimousse, in bug,

we observed comparable immunostain-

ing of the pan-neural protein CRALBP,

and the brain-specific proteins Opsin

and Arrestin (Tsuda et al., 2003) in wild-

type and mutant larvae (Figures 1C and
1D). In addition to the CNS, the adhesive palps in bug mutants

were indistinguishable from wild-type. In Ciona, the palps

are derived from the anterior-most region of the neural plate

(Nishida, 1987; Veeman et al., 2010), and in frimousse embryos

they are absent.

Mechanically, NTC is characterized by the formation of

apically polarized actin filaments. The action of these polarized

filaments results in the apical constriction of the cells and the

folding of the neural plate inward. Disruption of this actinmachin-

ery and/or accessory proteins can cause neural tube closure

defects (Wallingford, 2005). In C. savignyi, we observed that

antibody staining for the apically localized cell polarity protein

aPKC (Ghosh et al., 2008; Solecki et al., 2006) labels the surface

of the CNS lumen (Figure 1E). In the C. savignyi brain periluminal



Figure 2. Onset of Open Brain Phenotype in Ciona

(A and B) Mid-sagittal confocal sections of late tail-bud (stage 25) bug and wild-type (WT) sibling embryos showing immunostaining for CRALBP. Yellow

arrowheads indicate the anterior neuropore. The pigmented cells of the sensory vesicle are indicated by red asterisks.

(C and C0) Still images from the start and end of Movie S1 of a bug embryo. Cells of the neural tube express GFP from the pan-neural ETR1 promoter. Magenta

indicates FM464-stained membranes. Yellow arrowheads indicate a sensory vesicle that, at the start of movie (C; t = 0), is covered by non-neural tissue

(i.e., epidermis) and then at 4 hr (C0; t = 4 hr) is exposed on the surface.

(A–C0 ) Lateral view of head region with palps and anterior to the left).

(D) Treatment with mibefradil during neurulation phenocopies the bug phenotype.

(E) Treatment with nifedipine during neurulation stages causes an arrest in development.

(F) Mibefradil treatments. Dechorionated embryos at each developmental stage were subjected to control (water) or 1 mMmibefradil, washed after treatment, and

then allowed to develop to swimming larvae stage. Percentage phenotype was calculated by counting the number of bugeye-like embryos over the total number

of embryos treated. Error bars, SEM from three independent experiments.
staining can be seen in both the sensory vesicle and visceral

ganglion (Ciona orthologs of the fore- and hindbrains, respec-

tively), as well as in the neurohypophysial duct, which joins the

sensory vesicle to the stomodeum (Manni et al., 2005). In bug

mutants, we observed strong aPKC staining throughout the

CNS, although anterior staining of the sensory vesicle was

splayed outward in the open brain rather than forming a closed

lumen (arrowheads in Figure 1F). Similarly, phalloidin labeling

of bugmutants showed strong polarization of actin to the apices

of cells in the CNS, including cells in the open anterior brain, of

comparable intensity to phalloidin labeling in wild-type embryos

(Figure 1G versus Figure 1H, red staining and yellow arrows).

In summary, the CNS of bug mutants has no conspicuous de-

fects in neural induction and specification, or in the formation

of apically polarized cells.

Onset of Bug Phenotype
An important clue to the nature of the mechanism of the bug

mutation comes from the observation that the phenotype, an

open anterior neural tube, does not become apparent until after
C

the late tail-bud stage, when neural tube closure in wild-type em-

bryos is complete. At stage 25 (late tail-bud) sagittal confocal

sections of bug embryos show that the anterior neural tube

closure is largely complete, with most of the brain covered in

epidermis, but with an enlarged anterior neuropore (yellow ar-

rowheads in Figures 2A and 2B). Additionally, the two pigmented

cells that comprise the ocellus and the otolith (Jiang et al., 2005)

are misplaced in bug to the opening of the neuropore rather than

in the brain vesicle (red asterisks in Figure 2B). To better visualize

the developing CNS, the bug line was crossed with a stable

transgenic line expressing GFP under the control of the pan-neu-

ral ETR1 promoter. Time-lapse movies of bug embryos confirm

that the brain is initially covered with epidermis (i.e., relatively

normal brain closure and neurulation), and that, over the course

of approximately 4 hr, the brain erupts from the anterior neuro-

pore by hatching larva stage (Figures 2C and 2C0; Movie S1).

These data demonstrate that the late step of anterior neuropore

sealing is defective in bug embryos (whereas earlier neurulation

is normal), and that this results in the opening and protrusion of

the initially epidermis-covered brain.
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Figure 3. X. laevis CAV3.2 Morpholino

Knockdown

(A) Quantification of MO knockdown phenotype at

stages 21 and 27. Two MOs targeting X. laevis

CAV3.2 (CAV3.2-MO1 and CAV3.2-MO2) and two

control MOs (mismatch [CTL-MO1] and standard

control [CTL-MO2]; see Experimental Procedures)

were tested. The quantities of MO injected per

embryo are indicated below the number (N) of

embryos scored for each dose of MO.

(B) Disruption of CAV3.2 transcript splicing by

CAV-MO1. RT-PCR was used to detect both the

correct and expected splice-disrupted transcripts

in cDNA samples from three pooled CTL-MO and

three CAV-MO1-injected embryos. Muscle actin

(M. Actin) RT-PCR was used to control for RNA

load, and RT-minus controls are also shown.

(C and D) Early tail-bud stage embryos (stage 22)

injected at the one-cell stage with a CTL-MO1 (C)

or a CAV3.2-MO1 (D). Yellow arrowheads in (D)

indicate anterior open neural tube.

(E–G) Tail-bud stage (stage 26) CTL-MO1- (E)

and CAV3.2-MO1- (F and G) injected embryos.

Anterior neural tube defects were observed in

the CAV3.2-MO1 injections either with cellular

matter erupting from the open neural tube (yellow

arrowhead in F) or with a malformed head and

deep dimple in the hindbrain (yellow arrowhead

in G). See also Movie S2.

(H–J) NCAM staining (red) in anterior or posterior

coronal sections of CTL-MO1- (H) and CAV3.2-

MO1+2- (I and J) injected embryos.

(K–M) E-cadherin staining (yellow) in anterior and

posterior coronal sections of CTL-MO1- (K) or

CAV3.2-MO1+2- (L and M) injected embryos.

MO-injected embryos used for sections were

stage matched at approximately stage 24 based

on somite development. All sections were also

stained for nuclei (DAPI, blue).
Temporal T-type Ca2+ Channel Function
To better understand the temporal requirement for CAV3 in neu-

ral tube closure, embryos were treated at various time points

with the TTCC-blocking drugmibefradil (Martin et al., 2000). Pre-

liminary experiments confirmed that mibefradil treatment of neu-

rulating embryos closely phenocopies bug, while the L-type

channel blocker, nifedipine, gives a much different phenotype

(Figures 2D and 2E). Treatment of embryoswithmibefradil during

short temporal windows identified the period of sensitivity for

anterior neural tube closure: between neurula and midi tail-bud

stages (Figure 2F). Thus, there is a lag time of �5 hr from when

CAV3 function is required (between stage 16 and 21) and the

stage at which the phenotype becomes fully evident (stage 25

onward) suggesting an early tail-bud CAV3-dependent signal,

which plays a role in the later sealing of the anterior neuropore.
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Xenopus Requires a T-type Ca2+

Channel to Close the Anterior
Neural Tube
X. laevis has three orthologs of Ciona

CAV3: CAV3.1, 3.2, and 3.3. CAV3.2 is

the earliest of these to be expressed in
the neurulating embryo (Lewis et al., 2009). To determine

whether this gene has a conserved role with its Ciona ortholog

in neurulation, we used morpholino oligonucleotides (MO)

to knock down its expression. Two splice-blocking MOs to

X. laevis CAV3.2 were tested (CAV-MO1 and CAV-MO2), as

well as two control MOs (standard control MO [Genetools] and

custom mismatch MO). Both CAV3.2 MOs produced open

brain phenotypes in 80%–100% of injected embryos (albeit

at different dose efficacies), while no neurulation defects we

observed with either control MO (Figure 3A). RT-PCR confirmed

the efficacy of the MOs in blocking splicing and downregulation

of spliced transcript (Figure 3B).

The defect caused by the CAV3.2 MOs can be seen in repre-

sentative embryos at stage 22 as a failure of the anterior neural

folds to fuse (Figures 3C and 3D). The defect is not simply a



Figure 4. Expression of C. savignyi CAV3

(A–D) In situ hybridization of CAV3 expression in

wild-type C. savignyi embryos. Expression is first

detectable at early tail-bud stage (A; stage 19) in

the midbrain-hindbrain (MHB) region and faintly in

the caudal nerve cord (cnt). This expression

intensified by mid tail-bud, and new expression in

the forebrain (fb) is observed (B; stage 21). By late

tail-bud (C and D) stage 23/24, new expression is

seen in a cluster of cells in the epidermis (arrow-

heads) (sv, sensory vesicle).

(E–G) Double fluorescent in situ for CAV3 and

engrailed yields overlapping expression at the

MHB (but not in the cnt). Embryos are stage 22.
delay, as no fusion of the anterior folds is seen with extended

culturing. In fact, by stage 26 we observed in 17% of 58 CAV-

MO1-injected embryos that material (possibly brain) erupted

from the open neural pore (Figures 3E and 3F; Movie S2). The

remainder of the CAV3.2 MO1-injected embryos at stage 26

showed severe head malformations with a deep dimple at the

hindbrain (Figure 3G).

As in the Ciona bugmutant, we observed no general defect in

neural induction for X. laevis embryos injected with the CAV3.2

MOs based on NCAM antibody staining, although anterior

closure was clearly defective (Figures 3H–3J; stage 24 embryos).

Immunostaining for E-cadherin, which marks the epidermis in

X. laevis, showed that even where the anterior neural tube was

splayed open in the CAV3.2 MO embryos, an abnormal covering

of epidermis was found over and into the open neural folds (Fig-

ures 3K–3M). These results demonstrate that X. laevis embryos

also require a TTCC gene, CAV3.2, to effectively close, but

apparently not to specify, the anterior neural tube.

CAV3 Expression in Ciona
The results above suggest a conserved functional role for TTCCs

in chordate neural tube closure. To further examine conservation

between the two genes, their spatial expression was compared.
Cell Reports 13, 829–839
The expression of the X. laevis CAV3.2

gene has already been described (Lewis

et al., 2009). At developmental stages

relevant for neural tube closure (as early

as stage 20), X. laevis CAV3.2 expression

is observed along the lateral edges of the

developing neural folds and tube. This

expression extends the length of the neu-

ral tube and increases into fore-, mid-,

and hindbrain regions at later stages

(24–36) as well as into the presumptive

heart tissue (Lewis et al., 2009). For

C. savignyi, the expression of the CAV3

gene was investigated by in situ hybridi-

zation. No specific signal could be de-

tected until early tail-bud stage (Ciona

stage 19 [Hotta et al., 2007]). At this stage,

the most conspicuous hybridization was

observed in a cluster of cells that appear

to correspond to the midbrain-hindbrain
boundary (MHB) region and in the caudal nerve cord (Figure 4A).

Based on the conserved expression patterns of otx, engrailed,

pax2/5/8, and fgf8/17/18 in the brain, Ciona is thought to have

a structure equivalent to the midbrain-hindbrain organizer (Rai-

ble and Brand, 2004). Expression of C. savignyi CAV3 increased

in intensity in theMHB region at mid and late tail-bud stages, and

new expression was observed both in the forebrain (arrows in

Figures 4B–4D) and in a small patch of cells in the epidermis

overlaying the sensory vesicle, posterior to the anterior neuro-

pore (arrowheads in Figures 4C and 4D). Double fluorescent

in situ hybridization confirms that the expression of engrailed

andCAV3 overlap in theC. savignyiMHB region (Figures 4E–4G).

Ca2+ Transients in Neurulating Embryos
Calcium transients in the developing neural plate and tube of

both Ciona and Xenopus have been well documented. We

described the presence of gap junction-dependent Ca2+ tran-

sients in the neural plate of C. intestinalis (Hackley et al., 2013),

and in XenopusCa2+ transients via the DHP-sensitive CAV1 fam-

ily play a critical role in neural induction (reviewed in Leclerc et al.,

2012). However, TTCC transients in the neurulating chordate

CNS have not been reported. To investigate this, one-cell stage

X. laevis embryos were injected with the RNA encoding the Ca2+
, October 27, 2015 ª2015 The Authors 833



Figure 5. Calcium Transients in the Neural

Tubes of C. savignyi and X. laevis

(A–A0 0) Xenopus embryo injected with GCaMP3

RNAshowsCa2+ transients during neurulation. Top

left, a late neurula embryo expressing GCaMP3 in

the closing neural tube (A). Low-magnification view

of X. laevis embryo shows typical area recorded

for Ca2+ transients (yellow box). Anterior is up. (A0)
High magnification of the Z plane of the X. laevis

anterior neural plate that was imaged. (A0 0) GCaMP

fluorescence for a single cell in the neural plate

undergoing a Ca2+ transient ([Ca2+] is indicated

by color scale). See also Movies S3 and S4.

(B) CAV3.2 morpholino knockdown (CAV3.2-MO1,

CAV) reduces the number of cells in the neural

tube displaying Ca2+ transients and the length

and amplitude of the transients, but not the fre-

quency. The y axis in the amplitude graph shows

relative fluorescent intensity (see Experimental

Procedures). The frequency values are also des-

cribed in Experimental Procedures. Control

embryos were injected with a non-specific MO

(CTL-MO2, CTL). Data represent quantification

of three embryos from three independent experi-

ments; error bars, SEM (*p < 0.05).

(C) Typical Ca2+ transients in CAV-MO knockdown

and CTL-MO X. laevis neural tube cells.

(D) Ca2+ transients in C. savignyi embryos de-

tected with GCaMP3 expressed from the pan-

neural ETR1 promoter. Top panel shows one

frame from a time-lapse movie. Lower panel is a

close up of the midbrain hindbrain region (yellow

box in top panel) showing a single Ca2+ transient

with fluorescence intensity using the color scale

from (A0 0). See also Movie S5.

(E) Time-lapse image of Ca2+ transients in the

C. savignyi MHB region. Representative images

from two time points (neurula and mid tail-bud)

of an embryo expressing GCaMP3 with the MHB

region of interest (ROI) are outlined in yellow.

Dashed white lines outline the embryo. Bottom

panels show relative fluorescence intensity in the

ROI over time. Neu-iTB, neurula to initial tail-bud;

ETB-MTB, early to mid tail-bud.
indicator GCaMP3 (Tian et al., 2009) and either control or

CAV3.2 MOs. Live imaging was centered to the anterior closing

neural folds of neurula stage embryos, where neural tube closure

defects were observed and CAV3.2-expressing cells are present

(Lewis et al., 2009). In a single plane of view of control MO

embryos, we could detect Ca2+ transients in �50% of the cells

in the field of view, with each transient lasting on average 33 s

(Figures 5A–5C;Movie S3). The number of cells having transients

and the length and the intensity of the transients were reduced

in CAV3.2 MO embryos (Figure 5B, asterisks indicate signifi-

cance of p % 0.05, Movie S4). However, no difference was

detected in the frequency of the transients (Figure 5B). Thus,

CAV3.2 is required for normal Ca2+ transients in the developing

X. laevis anterior neural tube.

At early tail-bud stages in C. savignyi, we observed a strong

correlation between CAV3 expression and Ca2+ transients using

an electroporated construct with the ETR1 driver for GCaMP3

(Hackley et al., 2013). Starting at early tail-bud stage, GCaMP3

Ca2+ transients were observed in the MHB region (Figure 5D
834 Cell Reports 13, 829–839, October 27, 2015 ª2015 The Authors
and 5E; Movie S5) and continued through the mid tail-bud stage.

The MHB transients diminish after mid tail-bud stage (data not

shown).

T-type Ca2+ Channels and Ephrin Regulation
The characterization of the TTCC phenotypes in both Ciona and

Xenopus suggest that the neural tube closure defects arises not

from a deficiency in neural induction or neural tube folding, but

rather from a later event, perhaps one involving cell adhesion

and/or neuropore sealing. In mouse, EphrinA-EphA interactions

have been shown to be important for neural fold fusion (Abdul-

Aziz et al., 2009). We investigated expression levels of the

C. savignyi ortholog of this gene, ephrinA-d (Picco et al., 2007),

as well as neural cell adhesion molecule (NCAM), and the neu-

ral-specific genes otx, six3/6, and etr1 (Takamura et al., 2001)

at late tail-bud stages in wild-type and bug mutants by qRT-

PCR . The ubiquitously expressed gene RPS27A was included

as a control (Olinski et al., 2006). While there was no difference

in expression of NCAM and ETR1 between wild-type and bug,



Figure 6. T-type Ca2+Channel Regulation of

EphrinA Signaling Components

(A) qRT-PCR assay for expression of the neural

genes etr1, otx, six3/6, NCAM, and ephrinA-d in

bug and wild-type (WT) larvae. DDCT values

were calculated by normalizing to the ubiqui-

tously expressed gene RPS27A and then

comparing to WT expression levels. The values

for three independent biological repeats are

indicated (open squares, etc.), as well as the

average of the three (black bar). Red asterisks

indicate significant difference between bug mu-

tants and WT for given transcript; p % 0.05,

t test. RPS27a values represent DCT comparison

to WT.

(B) C. savignyi EphrinA-d transcript levels quanti-

fied over developmental time. qRT-PCR results

are represented as log2(X) changes in absolute

cycle threshold values for each developmental

time point sample.

(C) RT-PCR for expression of EPHA2, NCAM,

M.Actin, and histone 4(H4) in stage 24 X. laevis

embryos were injected with either CAV3.2

splice disrupting morpholinos (CAV-MO1+2,

CAV) or a control MO (CTL-MO2, CTL). The

values for three independent biological repeats

are indicated (open squares, etc.), as well as

the average of the three (black bar). EPHA2

values are significantly different between CAV

and CTL embryos (red asterisks, p = 0.025,

standard t test).

(D) Percentage of open brain phenotype observed

in WT embryos electroporated with either the

EphrinA-d cDNA expression construct (WT+

EphrinAd) or H2B:GFP cDNA (WT+ control).

Results from three independent trails are shown,

as well as the average of the three (black bars). Red asterisks indicate significance, p = 0.0006, Fisher’s exact test.

(E) EphrinA-d overexpression driven by pan-neural ETR promoter in C. intestinalis embryos phenocopies bug. Yellow arrowheads indicate the open brain. Two

representative embryos are shown. The co-electroporated plasmid ETR > H2B:GFP labels the nervous system.

(F) Control embryo expressing only ETR > H2B:GFP.
ephrinA-dwas upregulated approximately 1.6-fold in the mutant

relative to wild-type. In these same bug embryos, we observed

downregulation of the anterior neural genes otx and six3/6 (Fig-

ure 6A). Because of the role of EphrinA in mouse neural tube

closure and the similar expression patterns of ephrinA-d and

CAV3 (Imai et al., 2009), the C. savignyi ephrinA-d upregulation

was of particular interest. In C. intestinalis, ephrinA-d has been

shown to be necessary for the proper patterning of the neural

plate, although a later role in neural tube closure has not been re-

ported (Haupaix et al., 2014; Stolfi et al., 2011). We examined the

normal developmental time course of ephrinA-d expression by

qRT-PCR. Several peaks in ephrinA-d expression were

observed: at 32-cell, gastrula and early tail-bud stages consis-

tent with the previously published in situ data (Figure 6B) (Imai

et al., 2009). Of potential significance is a dramatic downregula-

tion of ephrinA-d expression from early through late tail-bud

stages in wild-type embryos.

We also examined ephrinA signaling in Xenopus embryos.

The ephrinA receptor EPHA2 is known to be expressed in the

developing X. laevis neural tube (Brändli and Kirschner, 1995).

A significant increase in the transcript for EPHA2 was observed

in X. laevis embryos injected with the CAV3.2 MO relative to
C

controls (Figure 6C, EPHA2 significance p = 0.025, t test), while

no change was observed forNCAM expression (nor for actin and

histone 4). While there are several EphrinBs expressed at this

stage, their effects on the neural tube appears to be on apical

constriction rather than adhesion (Ji et al., 2014).

To investigate whether mis-expressing EphrinA-d in Ciona in

the late tail-bud Ciona embryos could replicate the bug pheno-

type, 1-cell stage embryos were electroporated with a plasmid

containing the ephrinA-d cDNA driven by the ETR promoter,

which expresses through the late tail-bud stage in C. savignyi

(Tresser et al., 2010). A significant fraction of embryos electropo-

rated with the EphrinA-d construct had an open brain phenotype

compared to controls overexpressing nuclear GFP under the

same promoter (15.2%, versus 4.8% in controls, p = 0.0006,

Fisher’s exact test) (Figures 6D and 6E versus 6F).

Rescue of Bug Embryos by ephrinA Inhibition
Based on the expression and overexpression data, we hypothe-

sized that failure of bug embryos to properly downregulate

ephrinA-d late in neurulation could cause the open-brain pheno-

type. To test this hypothesis directly, we asked whether inhi-

bition of EphrinA-d could restore anterior neural tube closure in
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Figure 7. Rescue of Ciona bugeye Embryos

with Dominant-Negative EPH3 (dnEPH3)

(A) Embryos from heterozygous bug parents were

electroporated with either dnEPH3 driven by the

pan-neural promoter ETR1 or an empty ETR1

vector (control). The fraction of embryos with the

bug phenotype (open brain) was determined for

each group. Circles represent the percentage of

embryos showing the bug phenotype from four

independent trials, and the black line is the average

of the four trials (n is the combined number

scored from the four trials). Red asterisks indicate

significant p value of 0.002 using a chi-square test

of deviation from the expected open brain fre-

quency of 25%.

(B) Single tadpoles electroporated with dnEPH3

(lanes 1–12) and scored as having closed brains

(CB) were genotyped with primers that distin-

guished the insertion-containing bug allele from

the wild-type allele. The bug and wild-type (WT)

lanes show the sizes the two alleles. Three of the

12 electroporated embryos (4–6, red) genotyped

as homozygous for the bug allele despite having

closed brains and are considered as rescued.

Representative images of wild-type, bug, and

rescued embryos are shown. See also Figure S2.

(C) Representative image of a partially rescued bug

embryo.
bug embryos. For these experiments, a previously characterized

dominant-negative version of the receptor for EphrinA-d, EPH3

(Picco et al., 2007; Haupaix et al., 2013), was expressed by elec-

troporation in the CNS of Ciona bugeye embryos using the ETR1

promoter. Because the bug allele is lethal when homozygous

(Abdul-Wajid et al., 2014), embryos are generated by crossing

heterozygous adults. In clutches of bug embryos electroporated

with the control plasmid, the bug phenotype was observed at

close to the expected frequency of 25% (Figure 7A). In these

experiments, four independent clutches of embryos were elec-

troporated, and the frequency ranged from 23.1% to 25.4%

(average 23.9%, n = 300, chi-square test, p = 0.689). In contrast,

for embryos from the same clutches electroporated with the

dominant-negative EPH3 (dnEPH3) the frequency of observed

bug phenotypes ranged from 15% to 21% (average 17.1%,

n = 361, chi-square test p = 0.002), indicating that anterior neural

tube closure had been rescued in a portion of the bug embryos.

To further investigate the possible bug rescue, individual

embryos were genotyped. The bug allele contains an 80-bp

insertion that can readily be identified by gel electrophoresis of

PCR-amplified genomic DNA from single embryos (Figure 7B).

In a preliminary experiment, the link between the bug phenotype

and the genomic insertion was confirmed (Figure S2). In 45

embryos examined, the bug phenotype was observed only in

embryos homozygous for the insertion. Importantly, closed ante-

rior neural tubeswere never observed in those embryos homozy-

gous for the insertion, nor were open neural tubes observed in

those embryos genotyping as heterozygous, or genetically

homozygous wild-type. For clutches electroporated with the

dnEPH3 construct, 12 embryos scored as having closed anterior

neural tubes were genotyped. In contrast to the results for con-

trol embryos, three of these embryos genotyped as homozygous
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for the bug allele (Figure 7B), indicating that they were rescued.

Note also that the example rescued bug embryo (yellow arrow)

has extra pigment cells, a previously described phenotype of

dnEPH3 expression (Haupaix et al., 2014). Finally, we observed

a number of embryos that appeared to be partially rescued by

dnEPH3 (Figure 7C). These were scored as having open neural

tubes for the data shown in Figure 7A.

DISCUSSION

The present study shows a requirement for TTCC signaling in

NTC for both ascidians and amphibians, suggesting that this is

an ancient function that predates the split of the vertebrates

and the tunicates. Zebrafish CAV3.2 is also expressed during

neurulation with a partially overlapping pattern to Xenopus

(http://zfin.org/, probe cb648 [Lewis et al., 2009]). The nature

of the defects reported here for loss of T-type Ca2+ function in

C. savignyi, C. intestinalis, and X. laevis are consistent with it

playing a role in the fusion/adhesion of neural folds, rather than

in neural specification or neural fold generation. In C. savignyi

the open anterior neuropore led to a dramatic eruption of the

brain from the head of homozygous bug mutants. In X. laevis,

we observed a less frequent, but similar, expulsion of tissue

from the open neuropore of CAV3.2 knockdown embryos.

The CAV3 family consists of three vertebrate members

(CAV3.1, 3.2, and 3.3) and a single member in tunicates

(Perez-Reyes and Lory, 2006; Okamura et al., 2005). This family

of Ca2+ channels is characterized by rapid opening in response

to small membrane depolarizations (Perez-Reyes, 2003). While

TTCCs have most thoroughly been investigated in adult tissues

such as the heart and neurons, these channels are expressed

embryonically (Frischknecht and Randall, 1998; Gottmann

http://zfin.org/


et al., 1988). Recent studies have demonstrated that CAV3.2

in mice initiates differentiation cascades in early embryonic

tissues including in neural progenitors, heart, and skeletal mus-

cle (Ferron et al., 2011; Louhivuori et al., 2013; Berthier et al.,

2002). It has also been demonstrated that TTCC activity can

directly initiate transcriptional programs in chondrocyte differen-

tiation (Lin et al., 2014).

Results presented here show that loss of TTCC function aber-

rantly upregulates the expression of EphrinA-d and EPHA2,

in C. savignyi and X. laevis, respectively. Although in mouse

EphrinA signaling has been reported to promote neural tube

fusion (Abdul-Aziz et al., 2009), and loss of ephrinA5 in mice

leads to a failure of neural tube fusion (Holmberg et al., 2000),

this same pathway in other contexts can lead to cell repulsion

(Arvanitis and Davy, 2008). Moreover, results presented here

show that overexpression of ephrinA-d can lead to an open

brain phenotype in C. savignyi. Thus, the actions of this pathway

(adhesive or repulsive) may depend on the temporal context

and/or the relative concentrations. Consistent with this, we

observed in C. savignyi a spike in ephrinA-d expression in the

early tail-bud embryo, corresponding to the onset of neural

fold fusion. However, by late tail-bud stage, ephrinA-d transcript

levels fall dramatically, suggesting that any requirement for eph-

rinA-d in neural fold fusion is transient. Moreover, the ability of

dnEPH3 to rescue bug embryos indicates that the downregula-

tion of ephrinA-d is necessary for proper anterior neuropore

closure.

The CAV3-EphrinA relationship is more complicated in

X. laevis. While the temporal and spatial expression of all five

EphrinA ligands, and ten EphrinA receptors, has not been

described, two X. laevis EphrinA receptors, EPHA2 and

EPHA4, have distinct expression patterns in the neural tube

and partially overlap with CAV3.2 expression (Park et al., 2011;

Brändli and Kirschner, 1995; Smith et al., 1997) (XDB3, http://

Xenopus.nibb.ac.jp). However, there remain many uncharacter-

ized EphrinA ligands and receptors, and the two Xenopus TTCCs

not examined here, CAV3.1 and CAV3.3, are also expressed at

later stages of neural tube closure and are partially redundant

with CAV3.2. Redundancy may explain why no NTC defect is

reported in the CAV3.2 knockout mouse (Chen et al., 2003).

However, the present results suggest that neural fold fusion in

these mice should be reexamined.

Finally, CAV3.2-dependent Ca2+ transients were observed in

the X. laevis neural tube. In adult nerve, muscle, and cardiac

cells, TTCC activation, and the resulting Ca2+ entry, is tied to

specific physiological/sensory stimuli (Nelson et al., 2006). How-

ever, the embryonic nervous system is characterized by early

spontaneous ion channel activity (reviewed in Leclerc et al.,

2012; Rosenberg and Spitzer, 2011). Thus, the CAV3.2-depen-

dent Ca2+ transients in the closing Xenopus neural tube could

be the products of either spontaneous activity, or possibly a

sensory signaling event. One possible role of TTCCs in NTC

could be to monitor the mechanical progress and/or quality of

NTC. Interestingly, in adult proprioceptive nerves, CAV3.2 has

been found to be essential for low-threshold mechanoreception

(François et al., 2015). Future experiments will investigate

the potential roles of spontaneous versus sensory activation of

TTCCs in NTC.
C

EXPERIMENTAL PROCEDURES

Ciona Methods

Animals

Adult Ciona were collected from the Santa Barbara Harbor and maintained in

constant light in flowing sea water tables. Transgenic lines were maintained

at a culturing facility at the University of California, Santa Barbara. Fertilized

eggs used for electroporation and transgenesis were collected as previously

described (Veeman et al., 2011).

Transgenics and Plasmids

Electroporation methods of C. intestinalis and C. savignyi were done as

previously described (Veeman et al., 2011). The Ciona CRISPR/Cas9 and U6

constructs were used C. intestinalis are listed in Table S2, as well as the

primer sequences used to detect the CRISPR mediated large deletion

(‘‘Mutdet’’ primers). Construction of a plasmid expressing EphrinA-d under

the control of the ETR1 promoter (ETR > EphrinA-d) is detailed in the

Supplemental Experimental Procedures. Overexpression of EphrinA-d experi-

ments used 50 mg of ETR > EphrinA-d plasmid and 15 mg of ETR > H2B:GFP.

The control experiment used 65 mg of ETR > H2B:GFP. ETR > GCaMP3 was

made by similar Gateway methods from an Addgene plasmid of GCaMP3.

ETR > GCamP3 was used at 75 mg in C. savignyi electroporations.

The dominant-negative EPH3 construct (ETR > dnEPH3) was made using

primers (Table S2) to amplify dnEPH3 from Ngn > dnEPH3 (Stolfi et al.,

2011). This amplicon was TA cloned into PCR8 (Invitrogen) and then Gateway

LR reacted with the ETR > rfa vector (Roure et al., 2007). The resulting plasmid

(90 mg) was electroporated into clutches of embryos from heterozygous bug

parents, as above.

Immunohistochemistry and Imaging

Ciona embryos were fixed in 4%PFA and filtered seawater. CRALBP, Arrestin,

andOpsin antibodies were used as previously described in (Tsuda et al., 2003).

Anti-PKCzeta antibody was used at 1:300 (Santa Cruz Biotechnology).

Washing, secondary staining, and clearing are as previously described (Vee-

man et al., 2008). Imaging of fixed Ciona samples was either on an Olympus

FV1000 confocal or Olympus IX81. Ciona ETR > GCamP3 imaging was on the

Olympus IX81 under a 203 water objective. Images were captured every 10 s

for 30-min to 1-hr intervals starting from neurula stages and ending in late tail-

bud stages of C. savignyi. Calcium transients were analyzed and quantified

on Image J. In situ hybridizations were imaged on an Olympus BX51 with DIC

optics and 203 objective. Fluorescent in situ hybridizations were cleared in

glycerol and imaged on an Olympus FV1000 confocal under a 203 objective.

RT-PCR

C. savignyi bug mutants and wild-type siblings larvae were collected for RNA

as previously described (Abdul-Wajid et al., 2014). For comparisons of mutant

and wild-type by qRT-PCR, equal amounts of total RNA used in each PCR

and run as biological and technical triplicates. For the qPCR developmental

time course, equal amounts of RNA were used for cDNA synthesis at each

time point (200 ng). Primers for qPCR are listed in Table S2.

For single tadpole Ciona genomic PCR, genomic DNA was isolated as pre-

viously described (Veeman et al., 2011), and primers are listed in Table S2.

Drug Treatments

Mibefradil dihydrochloride (Sigma-Aldrich)was reconstituted at 4mM in filtered

water and stored at 4�C degrees. Nifedipine was used as previously described

(Hackley et al., 2013), and equivalent amounts of DMSOwere used as control in

this experiment. Experimental concentrations were diluted in filtered seawater

with antibiotics (streptomycin and kanamycin) in a 3-cm petri dish to which

embryos of the appropriate stage were added. Embryos were washed of

drug at the indicated stage through three changes of filtered seawater and

allowed to develop in a new petri dish of filtered seawater and antibiotics.

Xenopus Methods

Animals

Females were induced for ovulation by a subcutaneous injection of human

chorionic gonadotropin hormone as described (Sive et al., 2007). Eggs and

sperm were collected for in vitro fertilization as described (Sive et al., 2000).

Animal care and use were in accordance with regulations established by the

Institutional Animal Care and Use Committee at the University of California,

Santa Barbara.
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Morpholino Injections

X. laevisCAV3.2morpholinos (MOs) were designed according to the sequence

of GenBank entry GQ120631 and alignment with scaffold 22599 in X. laevis

genome v.6 (http://www.xenbase.org/entry/). Two controls were used: the

standard control morpholino (Gene Tools, CTL MO1) and a mismatch MO

containing a 5-bp mismatch from CAV3.2 splice disrupting morpholino 1

(CTL-MO2). Sequences for both CAV3.2 MOs and CAV3.2 mismatch MOs

are in Table S1.

Fertilized eggs were microinjected MOs at final doses of 40, 20, and 10 ng in

a 10-nl drop. After dose determination, subsequent embryos used for coronal

section imaging or RNA isolation were injected with a combination of CAV3.2

MO1 and MO2 at 40 ng final, or the CTL-MO2 at the same concentration.

The same combination and concentrations of MOs were used in the GCamP3

co-injection experiments. The embryos were imaged for developmental de-

fects from neurula to tail-bud stages and then fixed in 4% paraformaldehyde +

MEM for immunohistochemistry or lysed in Trizol for RT-PCR analysis (Black-

iston et al., 2010). RNAs for GCaMP3 were made from a gene construct

using the T3 mMessage in vitro Transcription kit (Ambion), and 1 ng of RNA

was co-injected with the MOs as indicated.

Immunohistochemistry and Imaging

X. laevis embryos were fixed, embedded, and sectioned as described (Black-

iston et al., 2010). Primary antibody sera to NCAM (4d-s) and E-cadherin (5D3)

were obtained from the Developmental Studies Hybridoma Bank at University

of Iowa and used at final concentrations of 5 mg/ml. Fluorophore-conjugated

secondary antibodies (Invitrogen) were used at 1:500. Sections were mounted

in glycerol.

For GCamP3 imaging, GFP-expressing embryos from each experimental

condition were placed in 1% low melting pointing agarose and 1/3 3 MMR

on a coverslip-bottom dish. Embryos were oriented with neural plates facing

down and then imaged on an inverted Zeiss 780 LSM or an Olympus

FV1000. Imaging was done with a 203 objective, and images were captured

every second for 8–10 min. The analysis of GCamP3 images was done with

ImageJ and described in the Supplemental Experimental Procedures.

RT-PCR

Primers used for RT-PCR on X. laevis single tadpole cDNA are listed in

Table S2. Single embryos were lysed in TRIZOL for RNA isolation, and

400 ng of total RNA was used to make cDNA (Invitrogen Superscript III).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

two figures, two tables, and five movies and can be found with this article

online at http://dx.doi.org/10.1016/j.celrep.2015.09.035.
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