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Abstract

Background—Schwann cells, which arise from the neural crest, are the myelinating glia of the 

peripheral nervous system. During development neural crest and their Schwann cell derivatives 

engage in a sequence of events that comprise delamination from the neuroepithelium, directed 

migration, axon ensheathment and myelin membrane synthesis. At each step neural crest and 

Schwann cells are polarized, implying important roles for molecules that create cellular 

asymmetries. In this work we investigated the possibility that one polarity protein, Pard3, 

contributes to the polarized features of neural crest and Schwann cells that are associated with 

directed migration and myelination.

Results—We analyzed mutant zebrafish embryos deficient for maternal and zygotic pard3 

function. Time-lapse imaging revealed that neural crest delamination was normal but that 

migrating cells were disorganized with substantial amounts of overlapping membrane. 

Nevertheless, neural crest cells migrated to appropriate peripheral targets. Schwann cells wrapped 

motor axons and, although myelin gene expression was delayed, myelination proceeded to 

completion.

Conclusions—Pard3 mediates contact inhibition between neural crest cells and promotes timely 

myelin gene expression but is not essential for neural crest migration or myelination.
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INTRODUCTION

Establishing a functional peripheral nervous system requires the coordinated development of 

axons and myelin-forming Schwann cells. During embryonic development Schwann cells 

undergo dynamic changes in both tissue location and cellular behavior to associate along 

and myelinate peripheral axons. Schwann cell precursors arise from delaminating neural 

crest cells along the dorsal neural tube. During delamination neural crest cells alter their 
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cellular morphology by losing their apical membrane adhesion and detaching from the 

dorsal midline, establishing a rounded morphology along the basal side of the 

neuroepithelium (Ahlstrom and Erickson, 2009; Clay and Halloran, 2013). Following 

delamination Schwann cell precursors undergo extensive migration to associate along target 

axons in the peripheral tissue (Bronner-Fraser and LeDouarin, 2012). Association along 

target axons signals Schwann cell precursors to stop their migration and promotes 

differentiation into an immature Schwann cell state (Birchmeier, 2009; Woodhoo and 

Sommer, 2008; Woodhoo et al., 2009). Immature Schwann cells initiate the process of radial 

sorting, wherein Schwann cells determine whether to wrap multiple small caliber axons as 

Remak bundles or transition into a mature myelinating Schwann cell, which forms a single 

compact myelin sheath on large caliber axons (Jessen and Mirsky, 2005). The dynamic 

changes in cell behavior that occur during Schwann cell development have been extensively 

studied, but the events that govern the transitions between these behaviors remain poorly 

understood.

The transitions in neural crest and Schwann cell behavior leading to peripheral nerve 

myelination are associated with changes in cell polarity (Etienne-Manneville, 2008; Özçelik 

et al., 2010). Consistent with this, proteins required for regulating cell polarity have been 

implicated in neural crest and Schwann cell development. One example is Partitioning-

Defective 3 (Pard3), a member of the evolutionary conserved partitioning-defective (PAR) 

multiprotein complex required for many polarized cellular processes (Özçelik et al., 2010; 

Pegtel et al., 2007) reviewed in (Chen and Zhang, 2013; Goldstein and Macara, 2007; Nance 

and Zallen, 2011; Thompson, 2013). Prior to neural crest delamination, Pard3 was localized 

to cell-cell adhesion complexes within the apical domain of neuroepithelial cells (Clay and 

Halloran, 2013; Takekuni et al., 2003). Subsequently, during neural crest cell migration, 

Pard3 was concentrated at the membrane leading edge where it mediated contact inhibition 

between neural crest cells, which might contribute to their directed migration (Moore et al., 

2013). In cell culture, Pard3 localized to the Schwann cell-axon interface and Pard3 

knockdown inhibited myelination (Chan et al., 2006; Lewallen et al., 2011; Özçelik et al., 

2010). However, previous functional tests of Pard3 in neural crest and Schwann cell 

development have been limited to knock down approaches and no studies have investigated 

Pard3 function from neural crest delamination to myelination in vivo. Consequently, the 

degree to which Pard3-mediated cell polarity contributes to the development of neural crest 

cells and their Schwann cell descendants remains unclear.

We hypothesized that Pard3 provides polarity information for Schwann cells that facilitates 

their migration, axon interaction and differentiation as myelinating cells. To test this 

hypothesis we used a loss of gene function approach in combination with time-lapse 

imaging of transgenic zebrafish reporters that mark the Schwann cell lineage. Here we 

provide evidence that Pard3 mediates contact inhibition between neighboring Schwann cells, 

but that this function is not necessary for Schwann cell migration to peripheral targets. 

Additionally, we show that loss of Pard3 function delays but does not prevent myelin gene 

expression and myelination. Our data are most compatible with the possibility that Pard3 

coordinates other molecular mechanisms that drive Schwann cell development to ensure 

timely myelination.
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RESULTS

Neural Crest Delamination From the Neuroepithelium Proceeds Normally in the Absence of 
pard3 Function

To investigate the role of Pard3 in regulating Schwann cell behavioral transitions we utilized 

pard3fh305 mutant zebrafish, which have a chemically induced point mutation that changes a 

tyrosine at amino acid position 203 to a stop codon. This mutation is predicted to truncate 

the protein after the conserved oligomerization domain and before the PDZ domains (Fig. 

1A), which bind cytoskeletal regulator proteins, adhesion complex proteins, and Protein 

Kinase C, iota (Prkci) (Wei et al., 2004). Three cDNA variants of the zebrafish pard3 locus 

have been described and are predicted to encode distinct protein isoforms (Fig. 1A) 

(Geldmacher-Voss, 2003; Trotha et al., 2006; Wei et al., 2004). The premature stop codon 

introduced by the pard3fh305 allele truncates all three predicted isoforms. At 5 days post 

fertilization (dpf) homozygous pard3fh305 mutant larvae produced by matings of 

heterozygous parents (Z pard3fh305) had a subtle upward body curvature (Fig. 1B) and most 

mutant animals survived to adulthood. Genotyping confirmed that larvae with curved bodies 

were homozygous for the pard3fh305 allele (Fig. 1C).

To investigate development in the absence of maternal contribution of pard3, we raised 

homozygous mutant animals and crossed them to produce embryos lacking both maternal 

and zygotic pard3 function (MZpard3fh305). MZpard3fh305 larvae at 5 dpf had shortened 

bodies and more pronounced body curvature when compared with wild-type and 

Zpard3fh305 larvae (Fig. 1B). Furthermore, MZpard3fh305 larvae failed to develop full swim 

bladders, and only approximately 10% survived past 12 dpf. Embryos and larvae produced 

by MZpard3fh305 females and receiving one wild-type pard3 allele from either wild-type or 

heterozygous pard3fh305 males (pard3fh305/+) appeared phenotypically normal (Fig. 1B). To 

confirm that loss of pard3 function is responsible for the morphological defects of mutant 

larvae, we introduced the transgene Tg(hsp70I:pard3-GFP) (Hudish et al., 2013), which 

expresses Pard3 fused to GFP (Trotha et al., 2006) under control of heat-responsive 

regulatory elements (Shoji et al., 1998). Repeated induction of Pard3-GFP expression using 

elevated temperature during the first three days of development suppressed the body 

curvature defects and partially rescued swim bladder formation (Fig. 1D,E). Together these 

observations indicate that Pard3 is required for viability but that embryonic development can 

proceed with only maternally contributed Pard3.

Schwann cells are specified from neural crest cells, which arise by delamination of 

neuroepithelial cells from dorsal neural tube. Delamination can occur via several processes 

including asymmetric division, force generation, and down-regulation of cellular adhesion 

complexes (Ahlstrom and Erickson, 2009; Berndt et al., 2008; Clay and Halloran, 2010; 

Theveneau and Mayor, 2012). Pard3 mediates the formation and maintenance of apical 

cellular adhesion complexes within mouse and chick neuroepithelial cells (Afonso and 

Henrique, 2006; Takekuni et al., 2003) and, in zebrafish, Pard3 localizes along the apical 

domain of pre-migratory neuroepithelial cells (Clay and Halloran, 2013). Therefore, we 

hypothesized that Pard3 mediates the timing of trunk neural crest cell delamination. If so, 

absence of Pard3 might result in premature neural crest cell delamination and migration. To 
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test this hypothesis, we introduced the transgene Tg(sox10:memRFP) (Kucenas et al., 2008), 

which marks neural crest cells with membrane tethered RFP, into MZpard3fh305 embryos 

and used time-lapse microscopy to analyze neural crest exit from the dorsal neural tube. As 

previously described (Raible and Eisen, 1996; Raible et al., 1992), beginning at 18 hours 

post fertilization (hpf) cells exited from the dorsal neural tube in control embryos (n=7 

embryos) and migrated away from the dorsal midline in an anterior-to-posterior progression 

(Fig. 2A; Supplementary Movie S1). The timing of neural crest cell delamination and 

initiation of migration was similar in MZpard3fh305 embryos (n=9 embryos) to that of 

control embryos (Fig. 2B). Additionally, wild-type and MZpard3fh305 embryos formed 

similar numbers of sox10:mRFP+ trunk neural crest cells (wild-type, 14.53 ± 0.29 cells/80 

μM; mutant, 14.13 ± 0.64 cells/80 μM; n=15 embryos for each genotype; p = 0.5). 

Consistent with this, we found no difference in cell death between cells/ dorsal controls and 

mutants using anti-Caspase 3 labeling (control, 2.53 ± 0.37 region, n=15 embryos; mutant, 

2.15 0.32 cells/ dorsal region, n=20 embryos; p = 0.56). We conclude that Pard3 function 

within neuroepithelial cells is not required to regulate neural crest cell formation, survival 

and delamination from the neural tube.

Pard3 Promotes Contact Mediated Inhibition But Does Not Drive Neural Crest Cell 
Migration

Subsequent to delamination, neural crest cells migrate along discrete pathways to populate 

peripheral tissues. Cranial neural crest cells exit the neuroepithelium and migrate toward the 

eye and pharyngeal arches forming distinct streams (Knight and Schilling, 2006; Schilling 

and Kimmel, 1994). Similarly, trunk neural crest forms columns or streams of cells as they 

migrate into the periphery. Recent data produced using pard3 antisense morpholino 

oligonucleotides in zebrafish indicated that loss of Pard3 function inhibited both cranial and 

trunk neural crest migration (Moore et al., 2013). However, cranial and trunk neural crest 

migration appeared normal in MZpard3fh305 mutant embryos. In particular, cranial neural 

crest cells formed distinct streams as they migrated from the neuroepithelium at 30 hpf, 

similar to control (Fig. 3A,B) and formed normal jaw structures by 5 dpf (Fig. 3C,D). Trunk 

neural crest cells also migrated to their motor axon targets in control and mutant embryos 

(Fig. 3E,F; Supplementary Movie S2). Therefore, our genetic analysis indicates that Pard3 

function is not necessary to drive neural crest cell migration.

Although neural crest cells arrived at their normal destinations in MZpard3fh305 mutant 

embryos, we noted differences in organization of the neural crest population. In control 

embryos many migrating neural crest cells appeared to be loosely associated, with few 

contacts between them (Fig. 3A,E). By contrast, in MZpard3fh305 mutant embryos migrating 

neural crest cells appeared to have more area of contact between them (Fig. 3B,F; 

Supplementary Movie S1). We therefore examined confocal image stacks to assess the 

amount of membrane contact between neighboring cells. For analysis of cranial neural crest 

we focused on cells located outside of branchial arch streams. This confirmed that in control 

embryos neighboring cranial neural crest cells had only a few, thin membrane contacts (Fig. 

4A) but that neural crest cells in MZpard3fh305 mutant embryos had substantial amounts of 

overlapping membrane (Fig. 4B). This increase in the amount of membrane contact did not 

result from an increase in cell density in mutant animals (control, 51.75 ± 0.68 cells/volume; 
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mutant, 52.67 ± 0.81 cells/volume; n=5 embryos for each genotype; p = 0.4). In the trunk, 

neural crest cells in control embryos were elongated in the direction of migration with 

neighbor cell contacts limited to a single point, indicative of chain migration (Fig. 4C; 

Supplementary Movie S2). By contrast, trunk neural crest cells of MZpard3fh305 mutant 

embryos were less elongated and had more area of neighbor cell contact (Fig. 4D). To 

further validate this observation we performed time-lapse imaging and examined cell-cell 

interactions by analyzing membrane overlap. To determine the percentage of membrane 

overlap we traced individual cell membranes over a period of 1 hour during neural crest cell 

exit from the dorsal neural tube and examined membrane overlap following contact. In 

control embryos neighboring neural crest cells collapsed their membrane projections 

following contact and restricted membrane overlap either by altering their migratory path or 

limiting process extension along a neighboring cell (Fig. 4E, n= 24 cells). By contrast, in 

MZpard3fh305 embryos neural crest cells frequently extended membrane processes across 

neighboring cells and maintained their migratory direction over and along neighboring cells 

despite contact (Fig. 4F, n= 30 cells). We quantified these behaviors by measuring the 

amount of overlap between adjacent cells, which confirmed that adjacent neural crest cells 

had more area of overlapping membrane in mutant embryos relative to control (Fig. 4G).

Migrating populations of cells often engage in contact inhibition of locomotion (CIL), which 

is characterized by the collapse of membrane projections upon contact with another cell and 

alteration of migration (Mayor and Carmona-Fontaine, 2010). The overlapping nature of 

neural crest cells in MZpard3fh305 mutant embryos is consistent with the loss of CIL. 

However, Pard3 function during CIL is unclear. To determine if Pard3 is localized to the site 

of cell-cell contact in migrating neural crest cells and therefore a candidate for regulation of 

CIL, we induced Pard3-GFP expression using the Tg(hsp70l:pard3-GFP) transgene. Pard3-

GFP was evident as small aggregates within cells (Fig. 5A), similar to previously reported 

overexpression results (Buckley et al., 2013; Mizuno et al., 2003). At 20 hpf, Pard3-GFP 

was localized along contacting membranes of neighboring neural crest cells, consistent with 

the possibility that Pard3 regulates CIL (Fig. 5A). To investigate this further, we performed 

time-lapse imaging. This revealed that as neighboring cells came in contact, Pard3-GFP 

became localized to the membrane at the contact point. This was followed by retraction of 

membrane protrusions and dispersion of the Pard3-GFP that had been concentrated at the 

point of contact (Fig. 5B; Supplementary Movie S3). Concentrated Pard3-GFP was also 

associated with the points of contact between Schwann cells as they migrated along motor 

axons (Fig. 5C). Together with our observations that neighboring neural crest cells have 

more membrane contact in the absence of Pard3 function, these data support the idea that 

localization of Pard3 to points of cell contact promotes CIL. However, in contrast to 

previous conclusions (Moore et al., 2013) our data do not support the idea that Pard3-

mediated CIL is a principal driver of neural crest cell migration.

pard3 mutant Schwann cells myelinate motor axons

Upon association with peripheral axons, neural crest-derived Schwann cells change shape to 

ensheath axons with myelin membrane. Ensheathing Schwann cells have features of apical-

basal polarity, with adaxonal and abaxonal membrane having characteristics of apical and 

basal membrane, respectively (Özçelik et al., 2010). Previous work implicated roles for 
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Pard3 in both axon wrapping and myelination by Schwann cells. In particular, our own 

analysis using pard3 antisense morpholino oligonucleotides suggested that loss of pard3 

function interferes with Schwann cell wrapping and myelination (Tep et al., 2012) and 

Pard3 siRNA knockdown in cultured Schwann cells blocked myelination (Chan et al., 

2006). We therefore reinvestigated Schwann cell wrapping and myelination in vivo in the 

absence of both maternal and zygotic pard3 function. To do so we created 

Tg(sox10:memRFP);Tg(mnx1:GFP); MZpard3fh305 larvae, in which Schwann cells express 

RFP and motor axons are marked by GFP expression. At 4 dpf Schwann cells were 

elongated and tightly wrapped around motor axons in both control and mutant larvae, with 

no apparent differences in morphology (Fig. 6A,B). Therefore, we now conclude that Pard3 

is not necessary for axon wrapping. Next, we investigated myelination by using in situ RNA 

hybridization to detect expression of mbp, which encodes a major myelin protein. At 4 dpf, 

Schwann cells along the anterior trunk motor roots and posterior lateral line nerve (plln) 

expressed mbp (Fig. 6C,D). In contrast, Schwann cells in MZpard3fh305 larvae lacked 

expression of mbp along the motor roots, although mbp expression was present along the 

plln and in the central nervous system (Fig. 6G,H). To determine if mbp expression was only 

delayed, we next performed in situ RNA hybridization using 4.5 dpf larvae. In this case, 

mbp expression at motor nerves of MZpard3fh305 larvae was similar to that of control larvae 

(Fig. 6E,F,I,J). These data indicate that Pard3 is not necessary for myelin gene expression in 

vivo but that it may promote the timing of the myelination program.

Additionally, we used electron microscopy to assess myelin formation. At 8 dpf, myelin was 

evident, although poorly compacted, in both control and MZpard3fh305 mutant larvae (Fig. 

7A,B). To determine if myelin could become compacted in the absence of Pard3, we 

examined myelination in the small fraction of MZpard3fh305 mutant larvae that survived 

past larval stage (Fig. 7C,D). At 50 dpf, motor axons were surrounded by multiple layers of 

compacted myelin membrane in both wild-type and MZpard3fh305 mutant fish (Fig. 7E,F). 

We conclude that Pard3 is not essential for myelination, although it promotes its timely 

initiation during development.

DISCUSSION

Cells fated to become myelinating Schwann cells undergo a stepwise sequence of events 

during development including delamination from the neuroepithelium, directed migration 

into peripheral tissue, axon ensheathment and synthesis of myelin membrane. At each step 

these cells have a distinct polarity. Prior to delamination they have the apical-basal polarity 

characteristic of neuroepithelial cells, during migration they have distinct leading and 

trailing edges and during axon wrapping and myelination features of apical-basal polarity 

again become evident. These dynamic developmental steps imply dynamic functions of 

proteins that contribute to cell polarity. However, few studies have investigated the role of 

any polarity proteins during the entire Schwann cell progression in vivo. In this work we 

tested a hypothesis that the Par complex protein Pard3 regulates polarity necessary for 

directed migration, axon ensheathment and myelination by Schwann cells.

Genes that encode Par proteins, including Pard3, were first identified using forward genetic 

screens for embryonically lethal mutations that disrupt early developmental patterning 
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events in nematodes (Kemphues et al., 1988) The fly ortholog of pard3, known as bazooka, 

was similarly identified in a forward screen for lethal mutations that altered larval cuticle 

pattern (Nusslein-Volhard et al., 1984). Mouse embryos also die midway through 

development, at least in part due to abnormal cardiac development (Hirose et al., 2006). We 

were therefore surprised that homozygous pard3 mutant zebrafish did not have dramatic 

morphological defects as embryos or larvae and that they survived to adulthood. The 

morphological defects of embryos and larvae produced by homozygous mutant adults was 

more severe than that of those produced by heterozygous animals and these individuals 

rarely survived past larval stage, indicating that maternal contribution of pard3 function is 

sufficient to sustain nearly normal development.

Pard3 localizes to tight junctions at the apical/lateral boundary of vertebrate epithelia (Izumi 

et al., 1998) and promotes tight junction assembly (Chen and Macara, 2005) Neural crest 

cells undergo an epithelial to mesenchymal transition (EMT) as they delaminate from the 

neuroepithelium, which is accompanied by disassembly of cellular adhesions such as tight 

junctions (Hay, 1995; Powell et al., 2013). Down-regulation of some tight junction 

components coincides with neural tube closure and neural crest delamination (Sauka-

Spengler and Bronner-Fraser, 2008) and knock-down of the tight junction protein Cingulin 

enlarged the migratory neural crest population (Wu et al., 2011). We therefore considered 

the possibility that Pard3 similarly influences neural crest delamination. However, no 

abnormalities in the timing of neural crest delamination nor of the size of the neural crest 

population were evident in MZpard3fh305 mutant embryos, indicating that the timely onset 

of neural crest migration in zebrafish does not require modulation of Pard3 function.

As epithelial cells transform to migratory cells following EMT, apical-basal polarity 

changes to front-rear polarity (Nelson, 2009). Pard3 might contribute to front-rear polarity to 

facilitate directed migration, because knocking down Pard3 function impaired chemotaxis of 

isolated keratinocytes (Pegtel et al., 2007). However, most neural crest cells do not migrate 

as individuals, but as cohorts of cells that engage in transient contacts with one another. 

Upon contact, neural crest cells withdraw protrusions and frequently change directions 

(Carmona-Fontaine et al., 2008), a behavior known as contact inhibition of locomotion 

(Abercrombie and Heaysman, 1953). CIL has been implicated as an important driver of 

neural crest migration (Carmona-Fontaine et al., 2008; Matthews et al., 2008; Theveneau 

and Mayor, 2010; Theveneau et al., 2013). Recent data provided evidence that Pard3 

localizes to the point of contact between neural crest cells and that an approximately 50% 

reduction of Pard3 levels by antisense morpholino oligonucleotide injection in frog and 

zebrafish embryos blocked CIL and migration of cranial and trunk neural crest (Moore et al., 

2013). Our data, drawn from analysis of embryos lacking both maternal and zygotic Pard3 

functions, are in good agreement with the conclusion that Pard3 mediates CIL because 

neural crest cells had substantially increased amounts of overlapping membrane. However, 

our data do not support the conclusion that Pard3-mediated CIL is an important driver of 

neural crest migration. Although both cranial and trunk neural crest cells were abnormally 

organized in mutant embryos, they nevertheless migrated normally. In particular, formation 

of the jaw, which requires long-distance migration of many cranial neural crest cells, was 

patterned normally in Pard3 mutant embryos. One possible explanation for these different 
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observations is that use of morpholino oligonucleotides might delay neural crest migration 

through non-specific effects on development.

Neural crest-derived Schwann cells undergo one final reorganization of polarity upon 

completion of migration by transforming front-rear polarity back to apical-basal polarity 

(Özçelik et al., 2010). Consequently, the Schwann cell membrane in contact with the axon, 

known as the adaxonal membrane, has characteristics of apical membrane whereas the outer 

abaxonal membrane has features of basolateral membrane. This organization could have at 

least two important consequences for Schwann cell differentiation and myelination. First, 

juxtaposition of abaxonal-apical membrane to the axon could place molecules that facilitate 

axon ensheathment. Consistent with this, we previously concluded that loss of Pard3 

function interfered with the ability of Schwann cells to tightly wrap motor axons (Tep et al., 

2012). However, we now think that effect was likely an artifact of morpholino 

oligonucleotide injection because in this study we found no evidence of abnormal 

ensheathment. Second, juxtaposition of abaxonal-apical membrane to the axon could 

localize molecules that convey signals from axons to Schwann cells that promote 

myelination. Consistent with this possibility, Pard3 localized to abaxonal membrane and 

recruited p75 neurotrophin receptor, which can convey myelin-promoting signals (Chan et 

al., 2006). Knock down of Pard3 in cultured Schwann cells using short-hairpin RNA 

blocked expression of MBP, indicating that Schwann cell polarity is a critical feature of 

myelination (Chan et al., 2006). However, our in vivo analysis also fail to fully support this 

conclusion. Although mbp transcription was delayed in larvae lacking maternal and zygotic 

Pard3, the delay was slight and mature myelin appeared to be fully formed and compacted. 

Multiple signal transduction mechanisms promote Schwann cell myelination (Glenn and 

Talbot, 2013; Pereira et al., 2012; Salzer, 2012) and we speculate that these function 

normally even in the absence of Pard3.

In summary, our data support the idea that regulation of polarity contributes to migration 

and differentiation of neural crest and its derivative Schwann cells. However, our data point 

to a more nuanced role for polarity mechanisms than suggested by data derived from in vitro 

models and use of knock down methods for loss of function studies. We propose that Pard3 

plays a modulatory role by organizing some of the many signaling mechanisms that 

influence neural crest migration and Schwann cell differentiation.

EXPERIMENTAL PROCEDURES

Zebrafish Husbandry

The animal work in this study was approved by the Institutional Animal Care and Use 

Committee at the University of Colorado School of Medicine. Embryos were produced by 

pair-wise mating and kept at 28.5°C in egg water or embryo medium. Embryos were staged 

to hours post fertilization (hpf) or days post fertilization (dpf) according to established 

zebrafish guidelines (Kimmel et al., 1995). Homozygous zygotic mutants for the pard3fh305 

allele were created by pair-wise mating of pard3fh305/+ adults. Homozygous maternal 

zygotic mutants were created by pair-wise mating of pard3fh305/fh305 female and 

pard3fh305/+ male adults. The experiments conducted in this study used the following strains 

of zebrafish: Tg(sox10:memRFP)vu234 (Kucenas et al., 2008), Tg(hsp70l:pard3-EGFP)co14 
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(Hudish et al., 2013), Tg(mnx:GFP)ml2 (Flanagan-Steet et al., 2005) and 

Tg(sox10:tagRFP)co26.

Generation of Tg(Sox10(7.2):tagRFP)co26

The Tg(Sox10(7.2):tagRFP) construct was generated using Gateway (Invitrogen) 

recombination and inserted into a Tol2 Kit destination vector for microinjection (Kwan et 

al., 2007). Microinjected embryos were screened and transgene positive embryos were 

raised. Adults were mated with AB fish and progeny were screened for tagRFP expression 

and positive embryos were raised to establish transgenic lines.

pard3fh305 Genotyping

Embryos and larvae were genotyped using primers FWD: 5’-

ATTGGCTTCAGCAGTTTTAAGAAA-3’ and REV: 5’-

ATGATTGGCACTGAGTGAAGAAC-3’ and PCR to amplify a 155 base-pair (bp) product 

for. The PCR products were digested with HpyCH4IV (New England Bioscience). The 

wild-type allele remains undigested and mutant allele is digested into 87 bp and 68 bp. The 

complete protocol is available at the Zebrafish International Resource Center (http://

zebrafish.org).

Time-lapse Imaging

At 18 hpf, embryos were embedded in low melting point agarose and mounted in a heated 

chamber (28.5°C) of a motorized stage. Z-stack images were obtained every 5-7 minutes 

from 18 to 25 hpf using a PerkinElmer UltraVIEW VoX Confocal System coupled with a 

Zeiss Axio Observer inverted compound microscope fitted with a 20X objective. Using 

Volocity software (PerkinElmer, Waltham, MA, USA) images were processed using 

deconvolution and contrast enhancement. Four-dimensional volumes were assembled and 

exported as QuickTime movie files.

Tg(hsp70l:pard3-EGFP) Heat Shock Procedure

Either non-transgenic pard3fh305/+ or Tg(hsp70l:pard3-EGFP);pard3fh305/+ males were 

mated to pard3fh305/fh305 females and the resulting embryos were spilt, with half untreated 

and half heat shocked for 30 minutes at 38°C in approximately 100 mililiters of egg water at 

24, 48, and 72 hpf. Transgene expression was confirmed by screening for GFP. For rescue 

analysis, Tg(hsp70l:pard3-EGFP)+ larvae from non-heat shocked control and heat shocked 

groups were scored for the severity of the body deformation (Normal, Mild, or Severe) at 4 

and 5 dpf. Larvae that had a straight body axis and inflated swim bladders were scored as 

normal. Larvae with body axis deformations and lacking inflated swim bladders were scored 

as severe. Larvae with subtle body deformations and slight or fully inflated swim bladders 

were scored as mild and genotyped to confirm the MZpard3fh305 mutant genotype.

Cell Membrane Overlap Analysis

Individual cells within 40 micron Z-stack volumes were traced using Volocity software 

v6.1.1. Total area for individual cells and cell overlap were determined using the Volocity. 
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Statistical analysis of membrane overlap data was performed using Prism 6 (GraphPad) and 

two-tailed Student's t-test.

Whole Mount Cartilage Staining

5 dpf larvae were anesthetized and fixed overnight in 4% paraformaldehyde solution (PFA). 

Cartilage was stained with Alcian blue as previously described (Walker and Kimmel, 2007). 

Larvae were mounted in glycerol and bright-field images were taken using a Leica 

stereoscope.

In situ RNA Hybridization

Whole-mount in situ RNA hybridization was performed as described (Thisse and Thisse, 

2008) to detect mbp (Brösamle and Halpern, 2002). Following hybridization, tissues were 

fixed with 4% paraformaldehyde, equilibrated in 70% glycerol and mounted on glass 

coverslips for whole-mount imaging. Images were collected using a Zeiss Axio Observer 

equipped with DIC optics, Retiga Exi digital color camera and Volocity software. All 

images were imported into Adobe Photoshop software and image processing was limited to 

changes in levels, contrast, brightness and cropping.

Transmission Electron Microscopy

Juvenile fish at 8 and 50 dpf were anesthetized with tricaine, placed on ice, and fixed in a 

solution of 2% glutaraldehyde, 4% paraformaldehyde and 0.1 M sodium cacodylate, pH 7.4. 

Membranes were enhanced using either secondary fixation with OsO4, uranyl acetate, and 

imidazole, or secondary fixation using OsO4-TCH-OsO4. Electron micrographs were 

collected using a FEI Techai G2 BioTwin microscope, transferred to Adobe Photoshop and 

image processing was limited to contrast and cropping.

Quantification of Cranial and Trunk Neural Crest Cells

Tg(sox10:memRFP);MZpard3fh305 and Tg(sox10:memRFP); pard3fh305/+ embryos were 

fixed at 24 hpf in 4% paraformaldehyde for 1 hour at room temperature and subsequently 

stained with DAPI (New England Bioscience; 1:1000) for 15 minutes at room temperature. 

Embryos were mounted in 1% low melting point agarose and imaged using a PerkinElmer 

UltraVIEW VoX Confocal System coupled with a Zeiss Axio Observer inverted compound 

microscope fitted with a 40x oil or 63X water objective. Using Volocity software 

(PerkinElmer, Waltham, MA, USA) three-dimensional volumes were assembled and regions 

of interest were defined for cell count analysis; dorsal trunk neural crest: 80 μM length, 20 

μM width, 10 μM depth; cranial neural crest: 116 μM height, 116 μM width, 20 μM depth 

located posterior to the eye. DAPI positive cells within a defined region of interest were 

counted and data was compared using Student's t-test in the GraphPad Prism software 

(Version 6).

Quantification of Trunk Neural Crest Cell Survival

MZpard3fh305 and pard3fh305/+ embryos were assayed for Caspase 3 expression (BD 

Pharmingen, 1:500) at 20 hpf as previously described (Sorrells et al., 2013). Embryos were 

mounted in 1% low melting point agarose and imaged using a PerkinElmer UltraVIEW VoX 
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Confocal System coupled with a Zeiss Axio Observer inverted compound microscope fitted 

with a 20x objective. Using Volocity software (PerkinElmer, Waltham, MA, USA) three-

dimensional volumes were assembled and a 250 μM length, 50 μM width, 20 μM depth 

region of interest was defined for cell count analysis. Caspase 3-positive cells within a 

defined region of interest were counted and data were compared using Student's t-test in the 

GraphPad Prism software (Version 6).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key findings

• Pard3 localizes to points of transient contact between migrating neural crest 

cells

• Pard3 mediates contact inhibition between neural crest cells but does not drive 

neural crest migration

• Pard3 promotes the timing of myelin gene expression by Schwann cells but is 

not essential for axon wrapping or myelination
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Fig. 1. 
Characterization of maternal and zygotic pard3 functions. A: Schematic representation of 

zebrafish Pard3 isoforms. Each isoform has a conserved oligomerzation domain (CR), three 

PDZ domains (PDZ1-3) and a Prkci binding domain (PBD). The pard3fh305 lesion, changing 

a tyrosine to a stop codon at amino acid position 203 (Y203*) occurs after the 

oligomerization domain and before the PDZ binding domains (red line). B: Images of 5 dpf 

wild-type, Zpard3fh305, pard3fh305/+, and MZpard3fh305 larvae. MZpard3fh305 larvae fail to 

form full swim bladders (arrow) and have a more extreme body curvature than Zpard3fh305 
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mutants. C: Genotyping test for the pard3fh305 allele. Heterozygotes generate bands of 155 

base pairs (wild-type allele) and 68 and 87 base pairs, which appear as one band on the gel 

(mutant allele). Homozygous mutants, selected on the basis of body curvature phenotype, 

produce only the 68 and 87 base pair fragments. D: Representative images of 5 dpf 

MZpard3fh305 larvae either without (“negative”, top row) or with (“positive”, bottom row) 

the Tg(hsp70I:pard3-GFP) transgene. Larvae in left column are control, non-heat shocked 

and those in right column were heat shocked. Pard3-GFP expression rescued the body 

curvature (arrowheads) and swim bladder (arrows) phenotypes. E: Graph showing 

quantification of heat shock rescue experiment. Larvae were produced by crossing 

MZpard3fh305 females to pard3fh305/+; Tg(hsp70I:pard3-GFP) males. Non-heat shocked 

control and heat shocked groups therefore consist of approximately 50% MZpard3fh305 and 

50% pard3fh305/+ larvae. Larvae were scored at 5 dpf for severity of body deformation and 

swim bladder formation. Control, n=211; heat shock, n=182.
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Fig. 2. 
Schwann cells exit the dorsal neural tube on schedule in pard3 mutants. Panels show 

representative frames from time-lapse movies of trunk neural crest cells between 18-24 hpf. 

Views are from dorsal with anterior to the left. Insets display z-plane orthogonal views of 

the migrating neural crest for each frame. Numbers denote time elapsed, in minutes, from 

start of imaging. Embryos are siblings and imaged sequentially in the same chamber. A: 
Initiation of neural crest migration in a control pard3fh305/+ embryo. Neural crest cells are 

marked by sox10:memRFP expression. Arrows mark migration on the medial pathway 

between neural tube and somites and asterisks mark migration on the lateral pathway, across 

the dorsolateral surface of somites. B: Migration of neural crest in a MZpard3fh305 mutant 

embryo. The onset and pattern of migration is similar to the control. Scale bar = 50 μM.
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Fig. 3. 
pard3 is not essential for neural crest migration. A,B: Representative images of cranial 

neural crest marked by Tg(sox10:memRFP) reporter expression in 30 hpf control 

pard3fh305/+ (A) and MZpard3fh305 mutant (B) embryos. View is from lateral with anterior 

to the left and dorsal up. Arrows indicate migrating groups of neural crest cells. In some 

regions, indicated by the outlined boxes and magnified in the insets, neural crest cells appear 

more tightly packed in mutant than in control. ov, otic vesicle. C,D: Representative images 

of jaw structures at 5 dpf in wild-type (C) and MZpard3fh305 mutant (B) larvae. The jaw in 
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the mutant larva appears similar to that of wild type. E,F: Representative frames captured 

from time-lapse movies of trunk neural crest marked by Tg(sox10:memRFP) reporter 

expression. Motor neurons and axons are marked by Tg(mnx1:GFP) expression (green) in 

the final frames of the sequences. Images are from lateral with anterior to the left and dorsal 

up. Numbers indicate time, in minutes, elapsed from beginning of imaging. Images were 

captured from 18-24 hpf. In the control embryo (E), neural crest cells form streams 

(asterisks) with little overlap at points of contact (arrows). By contrast, neural crest cells 

appear less organized and overlap more in the MZpard3fh305 mutant embryo (F). Scale bar 

for E,F = 100 μM.
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Fig. 4. 
Pard3 mediates contact inhibition between neural crest cells. A-F: Individual neural crest 

cell tracings represented as colored objects. A,B: Representative images of cranial neural 

crest cell migration in control (A) and mutant (B) embryos. In some regions, neural crest 

cells appear more tightly packed in mutant than in control. C,D: Representative images of 

trunk neural crest cells in control (C) and mutant (D) embryos; lateral view. Neural crest 

cells form chains elongated in the direction of migration in the control embryo (C). By 

contrast, neural crest cells appear less elongated and to be less well organized as chains in 

Blasky et al. Page 21

Dev Dyn. Author manuscript; available in PMC 2015 December 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the mutant (D). E,F: Representative frames captured from time-lapse movies of trunk neural 

crest cell delamination in control (E) and mutant (F) embryos. Views are from dorsal with 

anterior to the left. Numbers denote time elapsed, in minutes, from start of imaging. 

Embryos are siblings and imaged sequentially in the same chamber. Neural crest cells in 

control embryos (n=30) retract cell membrane upon contact with neighboring cells. By 

contrast, neural crest cells in mutant embryos (n=24) fail to retract cell membrane and 

maintain cell overlap (F). G: Quantification of trunk neural crest cell membrane overlap 

during delamination (pard3fh305/+, n= 3 embryos, 43 cells; MZpard3fh305, n= 4 embryos, 47 

cells; *** p = 0.0001; Student's t-test). Scale bar, 25uM.
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Fig. 5. 
Pard3 localizes at transient points of contact between neural crest cells. A: Image of neural 

crest cells marked by sox10:tagRFP (white) and Pard3-GFP (green) (24 hpf; lateral view of 

trunk). Pard3-GFP is concentrated at points of contact between cells (arrows) and forms 

puncta within cells (arrowheads) . B: Images captured from time-lapse movies of neural 

crest cells (24 hpf; dorsal view of trunk). Numbers indicate time elapsed since beginning of 

image sequence. Image sequence shows one neural crest cell (white) extending to contact 

another (red) followed by process withdrawal. Pard3-GFP clusters at the point of contact 
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and then disperses following withdrawal (insets, arrowheads). C: Representative image of 

Pard3-GFP localization within migrating Schwann cells (20 hpf; lateral view of the trunk) 

Scale bars, A = 10 μM B = 25 μM C= 15 μM.
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Fig. 6. 
Schwann cells wrap motor axons but delay mbp expression in the absence of pard3 function. 

A,B: Representative images of control pard3fh305/+ (A) and MZpard3fh305 mutant (B) 

embryos, focused on a single motor root. Schwann cells are marked by sox10:memRFP 

(red) and motor axons are marked by mnx1:GFP (green). Schwann cells ensheath motor 

axons similarly in both control and mutant. Boxes show orthogonal views of motor nerves at 

the level of the dashed line. Arrows indicate ensheathed motor axons. C-J: Representative 

images of mbp RNA expression in wild-type and MZpard3fh305 mutant larvae. Views are 
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from lateral of the trunk with anterior to the left and dorsal up. At 4 dpf, mbp expression is 

evident at motor nerves (mn, asterisks) (C) and the posterior lateral line nerve (pLLn) (D) of 

a wild-type larva. By contrast, no motor nerve expression is evident at motor nerves of a 

MZpard3fh305 mutant larva (E) although pLLn expression appears normal (F). At 4.5 dpf, 

mbp expression is similar in wild-type and MZpard3fh305 mutant larvae at both motor nerves 

and the pLLn (G-J). Scale bar = 15 μM (A,B), 100 μM (C-J).
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Fig. 7. 
pard3 is not essential for Schwann cell myelination. A-B: Transmission electron 

micrographs of coronal sections through the trunk region of 8 dpf wild-type (A) and 

MZpard3fh305 mutant (B) larvae. Motor axons are pseudocolored blue. Areas indicated by 

dashed boxes are shown at higher magnification in insets. Multiple layers of myelin 

membrane are evident in both wild type and mutant. C,D: Lateral views of 50 dpf wild-type 

(C) and MZpard3fh305 mutant (D) zebrafish. Dashed white line indicates region of coronal 

sections obtained for electron microscopy. MZpard3fh305 mutants are shortened and display 

severe body deformation, manifesting as a variable curved body axis. E-F: Transmission 

electron micrographs of coronal sections through the trunk region of 50 dpf fish. Areas 
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indicated by dashed boxes are shown at higher magnfication in insets. Myelin ultrastructure 

is similar in wild type (E, E’) and MZpard3fh305 mutant (F, F’). Scale bars, A,B,C,D,1 μM; 

A’,B’,C’,D’, 0.25 μM.
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