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Role of Cadherin-7 in cranial neural crest development and its potential
heterotypic interaction with N-cadherin in trigeminal ganglion formation

4.1     Abstract

Cadherins are transmembrane molecules best known for mediating intercellular

adhesion through homophilic binding of identical cadherins. A widely held view is that

expression of different cadherins drives selective intercellular adhesion that is crucial for

tissue segregation and boundary formation. This is largely based on their dynamic

spatiotemporal expression patterns during morphogenesis, as well as results from in vitro

cell aggregation assays showing segregation of cells expressing different cadherins.

However, cadherin interaction is likely more broad. Several recent studies have shown that

cadherins of different subtypes can interact with each other in vitro indistinguishably from

homophilic binding.  This idea remains to be explored in vivo. Here, departing from the

conventional model, we test the possibility that interactions between neural crest and

ectodermal placodes during trigeminal ganglion formation in the chick may rely on both

heterotypic and homotypic interactions of at least two different cadherins. We have shown

in Chapter 3 that N-cadherin is expressed by placodal neurons during condensation of

cranial ganglia and is critical for proper gangliogenesis. Because of their dual origin,

coalescence of trigeminal ganglion may involve crest–crest, crest–placode, and/or

placode–placode adhesion. However, the molecular mechanism mediating neural

crest–placode condensation remains to be explored. To test the intriguing poassibility that

interactions between Cadherin-7, which is expressed by migrating neural crest cells

(Nakagawa and Takeichi, 1995), and N-cadherin on placodal neurons, may be involved in



ganglion formation, we first examined the protein expression and function of Cadherin-7

relative to N-cadherin. The results show that neural crest cells express the Cadherin-7

protein while they are intermixing with placodal neurons expressing N-cadherin in the

forming ganglion. Moreover, perturbation of Cadherin-7 affects cell morphology and

cell–cell interactions during migration and later leads to malformed cranial ganglia. In

contrast, the overall migration stream pattern of cranial neural crest appeared unaffected.

Misexpression of Cadherin-7 in the placodal ectoderm severely interrupts normal placodal

morphogenesis and causes an increase in neuronal cells in the ectoderm. Our results

suggest the possibility that both heterophilic and homophilic cadherin mediated adhesion

drive coalescence of cranial sensory ganglia, and that there are distinct functions of

Cadherin-7 contributing to neural crest cell migration versus cranial ganglia formation.

4.2     Introduction

The expression of classical (type I and type II) cadherins during vertebrate

development is tightly regulated and coincides with crucial morphogenetic events, such as

gastrulation, neurulation, nephrogenesis, neural crest emigration as well as in pathological

cases such as cancer (Pla et al., 2001; Taneyhill, 2008; Wheelock et al., 2008). In these

examples, the switching of expression of one cadherin subtype to another appears to match

changes in tissue adhesive properties. For example, as neural crest cells undergo an

epithelial-mesenchymal transition, acquire motility and exit the neural tube, they shift from

expressing N-cadherin to Cadherin-6b in the chick dorsal neural tube and then to Cadherin

7 in migrating neural crest cells. Cadherins are thought to primarily mediate selective

adhesion between cells expressing the same cadherin subtype. Evidence to this effect



comes from experiments showing that distinct cells expressing different cadherin segregate

from one another and form distinct aggregates (Nose et al., 1988), suggesting that

homophilic binding of cadherins drives tissue segregation and maintains tissue integrity

(Takeichi, 1990). More recently, however, in vitro cell binding and aggregation assays

have shown that heterophilic interaction can also occur. Cells expressing different classical

cadherins either of type I or type II can heterotypically bind and intermix to form

aggregates indistinguishable from homotypic interaction (Duguay et al., 2003; Shimoyama

et al., 2000). Consistent with this, cadherin bond strengths by force measurements show

similar adhesion between heterotypic and homotypic interactions (Prakasam et al., 2006).

However, there is little information regarding whether classical type I and type II cadherins

interact. A study on the protein structure of the ectodomain of type II suggests that type I

and type II are overall very similar but have distinct adhesive interfaces at the EC1

domain–– type I has one conserved tryptophan residue (W2) versus two conserved

tryptophan residues (W2 and W4) and a larger hydrophobic pocket in type II–– that are

thought to preclude their binding (Patel et al., 2006). However, this remains unexplored in

vivo.

We have previously shown that N-cadherin plays an important role during

aggregation of placode-derived neurons into ganglia.  However, the mechanism underlying

coalescence of their partner cells, the neural crest, is not known. Here, we investigate

Cadherin-7 as a possible candidate for mediating neural crest assembly, since it is

expressed in the migrating cranial neural crest (Nakagawa and Takeichi, 1995). We find

that neural crest cells express the Cadherin-7 protein in a complementary pattern to N-

cadherin on placodal neurons, raising the intriguing possibility for interactions between two

distinct classes of cadherins (N-cadherin, a type I, and Cadherin-7, a type II) during

trigeminal gangliogenesis. Perturbation of Cadherin-7 affects crest–crest interactions and

morphology, later resulting in disfigurement of the ganglion. The results provide a basis for



testing the possibility of a novel heterophilic interaction between classical type I and type II

cadherins in vivo. The interaction between neural crest and placodes serves as an excellent

new model to examine the dynamic role of cadherins in cell–cell interactions during

cellular coalescence in vivo.

4.3     Materials and methods

Embryos

Fertilized chicken (Gallus gallus domesticus) eggs were obtained from local commercial

sources and incubated at 37°C to the desired stages according to the criteria of Hamburger

and Hamilton (Hamburger and Hamilton, 1992).

In situ hybridization

Whole mount chick in situ hybridization was performed as described (Shiau et al., 2008).

cDNA plasmids obtained from BBSRC (ChickEST clones 445e6 and 854n16) were used to

transcribe antisense riboprobes against chick Cadherin-7. The plasmids were sequenced

and determined to contain the coding sequence of the chick Cadherin-7 gene (NCBI

accession number: NM_204187.1) corresponding to nucleotides 1950-2433 (445e6 clone)

and 1873-2963 (854n16 clone). Both riboprobes gave the same expression patterns.

Embryos were imaged and subsequently sectioned at 12 µm.



Immunohistochemistry

Whole chick embryos were fixed in 4% paraformaldehyde overnight at 4ºC, washed in

PBT (PBS + 0.2% tween) and either immunostained as whole embryos and/or processed

for 10 µm cryostat sections. Primary antibodies used were anti-N-cadherin (DSHB,

MNCD2 clone; 1:1), anti-GFP (Molecular Probes; 1:1000 to 1:2500), anti-HNK-1

(American Type Culture; 1:3 or 1:5), anti-Cadherin-7 (DSHB, clone CCD7-1; 1:1), and

anti-TuJ1 (Covance; 1:250). Secondary antibodies: cyanine 2 or rhodamine red-x

conjugated donkey anti-rat IgG (Jackson ImmunoResearch) used at 1:1000 and all others

were obtained from Molecular Probes and used at 1:1000 or 1:2000 dilutions (except 1:250

dilution for Alexa Flour 350 conjugated antibodies). Images were taken using the

AxioVision software from a Zeiss Axioskop2 plus fluorescence microscope, and processed

using Adobe Photoshop CS3.

In ovo electroporation of cranial neural crest and the trigeminal ectoderm

For the presumptive cranial neural crest, DNA injection was targeted in the neural folds at

stage 8 or presumptive neural crest region at gastrula stages 4–6 in ovo. Platinum

electrodes were placed horizontally across the neural folds at stage 8 and electrical pulses

of 2 × 25 V in 50 ms at 100 ms intervals were delivered. At stages 4–6, the electrodes were

placed vertically across the epiblast and 5 × 4–7 V in 50 ms at 100 ms pulses were

delivered. For stages 4–6 electroporation, two points of special care were used: first, eggs

were taken out of the incubator individually, manipulated, and immediately placed back

into the incubator to minimize the time they sat at room temperature, and second the

amount of india ink used to visualize the embryo was minimized (just enough to faintly

depict the embryo). For the trigeminal ectoderm, DNA was injected overlying the

presumptive trigeminal placodal ectoderm at stages 8–10 by air pressure using a glass

micropipette. Platinum electrodes were placed vertically across the chick embryo



delivering 5 × 8 V in 50 ms at 100 ms intervals current pulses. Electroporated eggs were

resealed and re-incubated at 37˚C to reach the desired stages.

Plasmid constructs

FL-Cad7-cytopcig expression vector was cloned from excising the full-length coding

sequence plus the FLAG epitope at BsiWI (later blunted) and NotI sites from pCMV-

c7/FLAG-pA, a vector derived from (Nakagawa and Takeichi, 1998). This fragment was

inserted into the pBS II KS cloning vector (Stratagene) at EcoRV and NotI sites. Full-

length Cadherin-7 fragment was then cut out at NotI (later blunted) and also at ClaI; this

was inserted into the cyto-pcig vector (Shiau et al., 2008) at ClaI/EcoRV (where the

EcorRV site is disrupted). FL-cad7 (clone C1) was determined to be correct by sequencing.

EC-Cad7-cytopcig encodes the extracellular Cadherin-7 protein up to the pre-

transmembrane domain, corresponding to nucleotides 479–2080 of the chick Cadherin-7

mRNA (accession: NM_204187.2). This fragment was cloned by PCR from the original

vector pCMV-c7/FLAG-pA into the PCRII-TOPO vector. Clones were sequenced and the

correct clone (TC-4) was used for the subsequent steps. The 5’ to 3’ sequence of the PCR

primers were: (cd7-F) ggaaaaaaaagatgaagttgggc and (dncd7-R) tcatcaattatggttatttgctgc. As

an intermediate step, the fragment was cut at EcoRV/BamHI and ligated into the pBS II KS

vector at the same sites. Lastly, the EC-Cad7 fragment was excised at BamHI (later

blunted) and then at ClaI, and was then inserted into cyto-pcig at ClaI/EcoRV (where the

EcorRV site is disrupted). EC-cad7 or tn-cad7 (clone n9) was determined to be correct by

sequencing.



4.4     Results and discussions

4.4.1   Cadherin-7 mRNA is expressed in migrating cranial neural crest cells and later

restricted to dorsal regions of cranial ganglia

We characterized the mRNA expression of Cadherin-7 in chick embryos from

stages of early cranial neural crest migration to ganglion formation (stages 10–18). By

whole mount in situ hybridization, we found that cranial neural crest cells begin to express

Cadherin-7 only after they have left the neural tube at all axial levels in the head.  By stage

16 when the ganglia have begun coalescing, the mRNA expression is mostly restricted to

those neural crest cells occupying the dorsal portion of the ganglia (adjacent to the

hindbrain) (Fig. 1, A-E). This dorsal expression of Cadherin-7 at exit points of cranial

motor axons which correspond to the even-numbered rhombomeres (r2, r4, and r6) has

been reported previously; these sites also represent the entry points where sensory axons

from the cranial ganglia enter the hindbrain (Nakagawa and Takeichi, 1995; Niederlander

and Lumsden, 1996; Osborne et al., 2005).

Neural crest cells migrate in well-characterized streams along almost the entire

length of the body axis in a rostrocaudal progression. The first migrating neural crest cells

emerging from the midbrain region express Cadherin-7 at stage 10, as shown in Fig. 1A.

Interestingly, even at stage 10, the expression of Cadherin-7 mRNA appears to be

downregulated in the most distally located cells that have migrated furthest. Cranial neural

crest cells migrate in three streams along the rostrocaudal cranial neuraxis: first (midbrain

and r1/r2), second (r4), and third (r6) (Fig. 1, F-M). Cadherin-7 expression appears to be

increasingly fainter in migrating neural crest cells as migration progresses. For example,

most cells in the first stream express Cadherin-7 at the beginning of migration at stage 10

with the exception of the most ventrally migrating cells (Fig. 1F,G).  Toward the end of



their migration at stage 13, most neural crest cells have downregulated Cadherin-7 mRNA

except for those in the dorsal region near the trigeminal motor exit point (Fig. 1, K-M).

This expression pattern further refines and becomes smaller after migration and during

ganglion coalescence at stages 16–18 (Fig. 1D,E). Cadherin-7 expression is also detected

weakly in the ventrolateral neural tube and in some parts of the surface ectoderm, including

the otic placode, but is not in surface ectoderm or placode-derived cells during ganglion

formation (Fig. 1G, J).

The results suggest that the transcription of Cadherin-7 is dynamically regulated

during neural crest migration, such that neural crest cells that have migrated more ventrally

downregulate Cadherin-7, whereas late migrating cells that reside near cranial motor exit

points retain expression. This contrasts with the idea initially proposed by Nakagawa and

Takiechi (1995) that Cadherin-7 is expressed by a distinct subpopulation of neural crest

cells that segregate and sequester near the exit points. Our interpretation is supported by in

vivo time-lapse imaging that shows that cranial neural crest cells undergo progressive

spatially-ordered cell migration. They first leave the dorsal neural tube and then move

laterally beneath the surface ectoderm, and thus directionally away from the neural tube.

There is no indication of early segregation or clustering of cells near the exit points (Kulesa

and Fraser, 2000; Kulesa et al., 2008). Furthermore, previous studies have also shown that

late- emigrating neural crest cells remain closer to the dorsal portion of the embryo,

whereas early- emigrating cells occupy and give rise to more ventral structures (Baker et

al., 1997; Niederlander and Lumsden, 1996).



4.4.2   Cadherin-7 protein is similar but broader than the mRNA and complementary to

N-cadherin expression in the trigeminal ganglion

Since mRNA expression does not necessarily reflect that of protein which is more

directly indicative of function, we examined the expression pattern of Cadherin-7 protein

at times of cranial neural crest migration (stage 11) and ganglion condensation (stage 18)

(Fig. 2).  Surprisingly, Cadherin-7 protein was expressed more broadly than its mRNA in

the first migratory neural crest stream (Fig. 2A) and during condensation into the

trigeminal ganglion (Fig. 2D). During migration, the vast majority of neural crest cells

express Cadherin-7 protein, but the cells that have migrated furthest distally appear to

have lower expression compared to that of the proximally located cells. This difference

may indicate that though the transcript is readily downregulated, Cadherin-7 protein has a

slow turnover and is retained on the neural crest cell surface. Cadherin-7 protein

expression was found in the most proximal region of the ganglion, which is neural crest

derived (Fig. 2B,C) and throughout the forming trigeminal ganglion at stage 18 (Fig.

2D,E). Cadherin-7 protein expression is largely reciprocal to that of N-cadherin on

placodal neurons, which can be recognized using the neuronal marker β-neurotubulin

(TuJ1) (Fig. 2D,E) with the exception of a few neurons that had weak Cadherin-7

expression, just above background (see example in Fig. 2E, gray arrow). Because the

Cadherin-7 protein expression persists longer than mRNA, fewer differences were seen in

expression levels between dorsal and ventral portions of the trigeminal ganglion. The

complementary protein expression of Cadherin-7 on neural crest and N-cadherin on

placodal neurons raises an intriguing possibility for heterophilic cadherin interaction in

mediating condensation of these highly intermixed cell populations.

Similar to the head, distinction between Cadherin-7 mRNA and protein also can

be noted in the trunk neural crest where mRNA is restricted to the proximal dorsal and



ventral roots (Nakagawa and Takeichi, 1995), but protein is expressed by migratory cells

forming the dorsal root ganglia (Nakagawa and Takeichi, 1998).

4.4.3   In vivo perturbation of Cadherin-7 function in the cranial neural crest affects

cell–cell interactions and cellular protrusions

To investigate the possible role of Cadherin-7 in ganglion formation, we

examined the effects of increasing Cadherin-7 levels or blocking its function in the

cranial neural crest, which is known to have abundant and dynamic cell–cell contacts

during migration (Kulesa and Fraser, 2000; Teddy and Kulesa, 2004).  For this purpose,

we cloned into a bicistronic vector encoding IRES-GFP with a chick β–actin promoter

(cyto-pcig), a full-length Cadherin-7 (FL-Cad7-cytopcig) as well as a truncated Cadherin-

7 (EC-Cad7-cytopcig), coding sequence. EC-Cad7 was designed to encode the first four

cadherin repeats based on a natural splice Cadherin-7 variant previously shown to inhibit

full-length Cadheirn-7 (Kawano et al., 2002). Empty vector (cytopcig) was used as a

negative control. Constructs were electroporated in ovo into one side of the dorsal neural

tube prior to neural crest emigration at stage 8 (3–5 somites stage).  Embryos with high

levels of GFP expression were analyzed after about 15–24 hours of incubation (stages

10–14). For controls, we compared the electroporated side of experimental embryos to

control GFP embryos as well as to the contralateral side of the same embryos as an

internal control. Many embryos that were highly transfected also received construct

within the surface ectoderm on the contralateral side (due to leakage of injected DNA

outside of the neural tube). Embryos were analyzed for the three characteristic cranial

neural crest migration streams using several neural crest markers: HNK-1, FoxD3, and

Sox10. No differences were noted in the overall migration pattern between control GFP

(n=13),  FL-Cad7 (n=7) and EC-Cad7 (n=13) embryos (Fig. 3, A-C and data not shown).



However, careful examination of the neural crest cells in transverse sections

through these embryos revealed marked differences between experimental and control

embryos. Transfection of both FL- and EC- Cad7 vectors into neural crest cells resulted in

significant protein overexpression (Fig. 3D). Since endogenous Cadherin-7 levels were

generally very weak by immunostaining, most of the antibody staining reflects exogenous

expression of FL- or EC- Cad7 expression. The strong Cadherin-7 staining noted in GFP

expressing transfected neural crest and neural tube cells on the electroporated compared

with the control contralateral side confirms that the expression reflects exogenous proteins.

Interestingly, neural crest cells overexpressing FL-Cad7 tend to cluster with each other in a

manner that correlates with high expression of FL-Cad7 at the adherens junction (Fig. 3D).

Even though these cells interact abnormally, they still manage to leave the neural tube and

migrate in separate streams. In contrast, neural crest cells expressing high levels of EC-

Cad7 appear to have normal organization, making cell contacts with one another and

migrating similarly to control GFP embryos (Fig. 3D). In the future, dynamic analysis of

these cells using live imaging will be used to more fully characterize their behaviors.

Aberrant protrusion of EC-Cad7 and wild type neural crest cells was observed on the apical

side of the dorsal neural tube adjacent to the second rhombomere (r2) level but not

elsewhere (Fig. 3D). This suggests that perhaps the EC-Cad7 constructs can disrupt

Cadherin-7 or other cadherins in the neural tube (i.e. Cadherin 6b) that are required for

emigration in a cell-autonomous and non-autonomous manner. Both transfected and non-

transfected (HNK-1+ but GFP-) neural crest cells were found in the protrusion. This is not

surprising, since the construct is designed to produce a soluble extracellular form of

Cadherin-7 which perhaps may bind to other cadherins at lower affinities and affect other

cells. However, this effect may be marginal since most neural crest cells still migrate away

from the neural tube normally.



Since neural tube electroporation is mosaic and often less than 50% of the neural

crest population is transfected, we cannot completely assess effects of exogenous

expressions without achieving higher transfection levels. To circumvent this potential

limitation, we also introduced these constructs at gastrula stages (stages 4-6) where most if

not all of the neural crest cells, as well as some ectodermal cells are transfected. In these

embryos, the effect of overexpressing Cadherin-7 on neural crest cell morphology was

more severe than that described above at stage 8. Analysis by HNK-1 staining showed that

these cells were more clustered and appeared rounded with fewer cellular protrusions (n=4,

Fig. 4D). Again the overall pattern of migration streams was normal (Fig. 4, A-B). Taken

together, altering the levels of Cadherin-7 appears to have some effects on neural crest cell

clustering and morphology but not the formation of the separate migratory streams.

4.4.4   Subcellular localization and expression pattern of exogeneous full-length Cadherin-7

on migrating neural crest cells suggest dynamic regulation of the Cadherin-7 protein

We observed interesting differences in the expressions of full-length (FL) versus

extracellular (EC) Cad7 protein in the neural crest. First, the FL-Cad7 was detected

mainly at cell boundaries or at junctions between cells that appear more tightly associated

and can be either punctate or continuous along the cell membrane (Fig. 3D and Fig. 4C).

This is different from the EC-Cad7 protein whose subcellular localization is more

widespread, detected both in the cytoplasm and at the membrane but not restricted to the

adherens junction (Fig. 3D). The expression of FL-Cad7 is consistent with the idea that

FL-Cad7 is mediating cell adhesion and that the protein is dynamically regulated at the

cell surface. Second, EC-Cad7 is expressed by most, if not all transfected neural crest

cells whereas FL-Cad7 is expressed strongly in only some GFP expressing transfected

cells. Other GFP cells express little or no detectable FL-Cad7, at stages 12–13 (Fig. 3D).



The expression of FL-Cad7 often correlates with GFP transfected cells that appear more

adherent, usually in a cluster of a few cells but sometimes only two cells along the

migration pathway. The regulation of the FL-Cad7 expression pattern may be dependent

on the stage of migration and/or levels of the FL-Cad7, as suggested by the observation

that GFP transfected cells electroporated at gastrula stages and examined at stages 10–11,

appear to all express FL-Cad7 (Fig. 4C). It is intriguing to speculate that there may be

some post-translational regulation of the Cadherin-7 protein during neural crest

migration. This is unlikely to involve transcriptional control, since the levels of GFP,

which is encoded on the same bicistronic mRNA with FL-Cad7, were unaffected.

One possibility is that Cadherin-7 may undergo similar post-translational

modification as that observed for Cadherin-11 by ADAM metalloproteases during

Xenopus neural crest migration (McCusker et al., 2009). Regulation of cadherins by

ADAMs has also been shown in the trunk neural tube in chick, prior to neural crest

emigration (Shoval et al., 2007), as well as in other systems (Maretzky et al., 2005; Reiss

et al., 2005). The expression of Cadherin-7 in chick is similar to Cadherin-11 in Xenopus

(Vallin et al., 1998), as both are specifically expressed in migrating neural crest cells,

whereas in mouse neural crest, Cadherin-6 is expressed in both premigratory and

migrating neural crest (Inoue et al., 1997); therefore studies on Xcadherin-11, also a

classical type II cadherin, may be relevant to our understanding of Cadherin-7. McCusker

et al. (2009) shows that endogenous Cadherin-11 undergoes cleavage during neural crest

migration producing a putative extracellular product encompassing the first three

cadherin repeats (EC1–3) and thus the remaining cleaved Cadherin-11 no longer has the

first extracellular domain (EC1) sited for homophilic binding (Patel et al., 2006).

Blocking this cleavage by reducing ADAMs or overexpressing Cadherin-11 inhibits

neural crest migration, likely due to an increase in cadherin-mediated adhesion.

Increasing ADAMs or the putative extracellular cleavage product can reverse the



blockage of migration by Cadherin-11 (McCusker et al., 2009). Thus, cleavage of

Cadherin-11 by ADAMs may regulate the levels of full-length and cleaved cadherin

proteins which modulates levels of cell–cell adhesion between migrating neural crest

cells. Since we used an antibody that recognizes the extracellular portion of the Cadherin-

7 to detect FL-Cad7, it is possible that the loss or reduced detection of the extracellular

portion of FL-Cad7 on the transfected GFP neural crest cells results from the cleavage of

the Cadherin-7 protein by ADAMs during migration. Alternatively, the regulation of

catenins by phosphorylation may control the levels of Cadherin-7 protein. For example,

the intracellular binding partner p120-catenin of cadherins has been shown to stabilize

cadherins and regulate their turnover at the cell surface (Kowalczyk and Reynolds, 2004;

Perez-Moreno and Fuchs, 2006).

4.4.5   Perturbation of Cadherin-7 in precursors causes malformed cranial ganglia

To test the function of Cadherin-7 during ganglion formation, we introduced FL-

Cad7 or EC-Cad7 and control GFP into embryos in ovo at early stages 4–6 in order to

achieve high transfection efficiency in the neural crest cells. Embryos were analyzed after

48 hours (~ stage 16). Either overexpressing or blocking Cadherin-7 caused defects in

ganglia formation, with most dramatic phenotypes in FL-Cad7 embryos (Fig. 5). In FL-

Cad7 embryos, trigeminal and epibranchial ganglia appeared reduced in size, were more

condensed, and had aberrant placement of placodal neurons (regions of gaps within the

ganglia and also aberrant connection between the glossopharyngeal and vagal ganglia at

the third and fourth branchial arches) (Fig. 5B). High levels of Cadherin-7 caused

dramatic ganglia malformation but normal development of the remaining head. EC-Cad7

overexpressing embryos had much less severe defects, generally with slightly misshapen

ganglia that were not reduced in size (Fig. 5C). Control GFP embryos as well as the



contralateral unelectroporated side had no apparent effects. The data suggest that

overexpression of Cadherin-7 has notable effects on ganglia formation. Whether or not

Cadherin-7 is essential for gangliogenesis requires further investigation using a gene

knockdown approach (i.e. RNAi or morpholino).

4.4.6   Misexpression of Cadherin-7 in the trigeminal ectoderm disrupts placodal

morphogenesis and augments the neuronal population in the ectoderm

 We further examined the phenotype of overexpressing FL-Cad7 on the

organization and coalecence of placodal neurons by examining embryos in transverse

sections. We observed that misexpression of Cadherin-7 in the placodal ectoderm causes

dramatic disruptions (Fig. 6), with aberrant placode-derived neuronal nodules,

delamination of sheets of differentiating placodal ectoderm, and widespread neuronal cells

in the surface ectoderm, which coexpresses GFP and TuJ1 (Fig. 6, B-D). The most

proximal part of the ganglion adjacent to the hindbrain, which is mostly neural crest-

derived, appears to assemble properly in whole mount (Fig. 5B), probably due to low level

transfection of the neural crest (Fig. 6A).

Since placodal neurons generally do not express Cadherin-7 but neural crest cells

do, we predicted that introducing Cadherin-7 into the placodal cells would cause neural

crest cells to be abnormally more adherent to placodal neurons. However, we found that

intermixing and association between neural crest and placodal neurons throughout the

region of ganglion formation are aberrant. In fact, there are several instances where

placodal neurons are devoid of neural crest association (Fig. 6B-D). These are generally

placodal cells that appear excessively adherent to each other as they form placodal nodules

and delaminate as a sheet of neurogenic ectoderm instead of undergoing proper ingression.

Other regions containing placodal neurons that are less adherent and normally associated



with each other appear to intermingle with neural crest cells, however there are still spots of

segregated placodal cells in the mix (Fig. 6D-D’’’). This may suggest that cell adhesion

between placodes and neural crest may depend less on cadherin subtype identity and more

on adhesive properties (i.e. cadherin expression levels) and/or that other factors play a

larger role in mediating neural crest–placode coalescence than simply expressing the same

cadherin (e.g. heterophilic interaction may be required, which perhaps is disrupted by

Cadherin-7 overexpression). This is consistent with in vitro cell binding assays that show

two cell populations expressing two distinct cadherin subtypes can sort out or intermix

depending on their relative cadherin expression levels, independent of subtype specificity.

Furthermore two cell lines expressing identical cadherin but at different concentrations also

sort out (Duguay et al., 2003).

The abnormal, widespread expression of the neuronal marker TuJ1 in the placodal

ectoderm may indicate that Cadherin-7 expression has blocked ingression of differentiating

placodal neurons and thus has kept many of these cells at the surface and/or increased

neuronal differentiation within the placodal ectoderm. The large number of placodal

neurons in the surface ectoderm in the distal ganglion, particularly around the first

branchial arch, together with the blocked ingression may explain the appearance of the

reduced trigeminal ganglion in whole mount (Fig. 5). Taken together, misexpression of

Cadherin-7 can severely disrupt normal placodal morphogenesis and perhaps

differentiation, likely by causing excessive cell adhesion between placodes.



4.5     Conclusion and future work

Our data suggest that Cadherin-7 may regulate neural crest cell interactions and

adhesion, and later, if overexpressed, can cause severe defects in cranial ganglia formation.

However, Cadherin-7 does not appear to play a role in patterning cranial neural crest cell

migration into stereotypic streams. This is consistent with results of Cadherin-11

perturbation in Xenopus cranial neural crest (Borchers et al., 2001). In contrast to results

observed with Cadherin-11, however, overexpression of Cadherin-7 did not block neural

crest migration (Borchers et al., 2001; McCusker et al., 2009). However, the penetrance of

this phenotype may depend upon the amount of mRNA injected (Borchers et al., 2001).

The difference may be due to the levels of transfection, since single blastomere injections

(which are not possible in the chick) can achieve higher transfection than electroporation.

Cadherin-7 overexpression in the trunk neural tube has previously been reported to block

neural crest emigration along the dorsolateral pathway, but not the dorsoventral stream to

the dorsal root ganglia (Nakagawa and Takeichi, 1998). However, no such inhibition was

observed in the cranial regions, though overexpression of the truncated Cadherin-7 (EC-

Cad7) that presumably acts as a dominant-negative can affect proper emigration. During

cranial neural crest migration, both mRNA and protein expression pattern of Cadherin-7

suggest dynamic regulation not only at transcriptional but also post-translational levels.

The largely complementary expression of Cadherin-7 on neural crest and N-

cadherin on placodal neurons suggests that coalescence of these precursor cell types may

rely on both homophilic and heterophilic interactions between Cadherin-7 and N-cadherin.

We propose two testable models for neural crest–placode coalescence:  1) that Cadherin-

7–N-cadherin heterotypic binding mediates adhesion between neural crest and placodal

cells and a smaller proportion of this interaction may be mediated through Cadherin-7

homotypically; or 2) neural crest–placode adhesion is mediated by homotypic Cadherin-7



interaction and N-cadherin acts only on placodal neurons, suggesting that at early stages of

ganglion formation, there would be far fewer adherens junctions between neural

crest–placode than between the same precursor type cells. Interestingly, Cadherin-7

misexpression did not increase but instead prevented neural crest–placode association. The

data suggest that altering cadherin levels is sufficient to block proper placodal

morphogenesis and intermixing of neural crest and placodal cells.  It remains to be seen

whether the difference in cadherin subtype is also crucial for proper neural crest–placode

coalescence into ganglion.

Further investigation using Cadherin-7 gene knockdown approaches (i.e. RNAi or

morpholino) will provide deeper insights into the endogenous Cadherin-7 role and its

interaction with N-cadherin during gangliogenesis. Co-immunoprecipitation of N-cadherin

and Cadherin-7 from cells in the trigeminal ganglion would directly test whether

heterophilic interactions occur in vivo. Furthermore, if blocking or depleting N-cadherin

whose expression is specific to placodal neurons affects placode–neural crest association,

this would lend support for heterotypic cadherin interaction.  Rescue experiments using one

to test whether it can restore the loss of function of the other would establish whether or not

these two cadherin members may be functionally equivalent or have distinct biological

effects on neural crest and placodal cells. This could also address the significance of

subtype specificity on the integration of neural crest and placodal cells.  Another pertinent

question is whether one cadherin can regulate the other, either cell-autonomously or non-

cell-autonomously. For example, does misexpression of Cadherin-7 on the placodal

ectoderm or reduction of Cadherin-7 on the neural crest, or both, alter N-cadherin

expression on placodal cells? Taken together, the results provide exciting new avenues for

exploration of cadherin-mediated neural crest–placode interactions during cranial

gangliogenesis.  Future investigation will explore the nature of the functional interactions

between these two distinct cadherins and their biological significance.
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Figure 1.

Figure 1.   Cadherin-7 mRNA is transiently expressed by migrating cranial neural crest, and later
retained in neural crest at the cranial entry/exit points and in the trigeminal ganglion. In situ
hybridization with the Cadherin-7 riboprobe shows Cad-7 mRNA expression in the (A) first
migration stream at stage 10 and subsequently in all three streams as migration progresses at (B)
stage 12 and (C) stage 13. Later Cad-7 is expressed in discrete neural crest regions at the cranial
motor exit points in the forming ganglia at (D) stage 16 and (E) stage 18 with the expression in the
trigeminal ganglion appearing more broad. (F-M) Cad-7 expression overlaps with neural crest
marker HNK-1 but is downregulated in the neural crest cells that have migrated the furthest.
Downregulation of Cad-7 is apparent early at the beginning of migration (F-G) at stage 10 and (H-
M) throughout the time of migration in all three streams. (M, M’) Section through the presumptive
trigeminal exit point at the level indicated in K showing high expression in the neural crest cells
adjacent to the neural tube at stage 13.



Figure 2.

Figure 2.   Cadherin-7 protein expression is broader than the mRNA. Schematics of the chick
embryos at stage 11 and stage 18 indicate the levels of the sections. (A,A’) Cross section through
stage 11 showing overlap of Cad-7 with neural crest marker HNK-1. Cad-7 protein expression is
detected throughout the neural crest stream, albeit weaker in the ventrally migrating neural crest
cells. (B) Cross section through the trigeminal ganglion at stage 18. (C,C’, C’’) High magnification
of the dotted box in B showing the most dorsal region of the ganglion which is neural crest-derived
expressing Cad-7 and not N-cad. The neurotubulin TuJ1 staining outside of the neural tube is
probably exiting motor axons rather than placodal neuronal processes. (D) High magnification of
the dotted box in B showing a section through the OpV region of the trigeminal ganglion.
(E,E’,E’’) Magnification of the boxed region in D showing a predominantly complementary
expression of Cad-7 and N-cad. Placodal neurons as labeled by TuJ1 mostly express N-cad but not
Cad-7 (arrows), although some may express weak or background levels of Cad-7 (gray arrow).
Cad-7 expression is present at the perimeter of the ganglion lobe as expected for expression in the
neural crest which lacks N-cad expression (asterisk).



Figure 3.



Figure 3.   Perturbation of Cadherin-7 does not affect the pattern of cranial neural crest streams but
alters cell–cell interactions.  (A, B, C) Left subpanel showing a schematic of the vector used.
Middle subpanel showing the level and region of DNA transfection as indicated by the GFP
expression. Right, the same embryo as that shown in the middle subpanel was processed for the
neural crest marker FoxD3 in situ hybridization. (A) Control embryo at stage 12. (B) FL-Cad7
embryo and (C) EC-Cad7 embryo at stage 12 also show the typical pattern of the three migration
streams. (D) First column from the left shows the neural crest region of transfection by GFP
expression in whole mount embryos. Second column shows the color overlay image of GFP
(green), Cad-7 protein (red), and HNK-1 (blue) of a cross section through the whole mount embryo
at the level indicated by the dotted line.  Single channel images of GFP and Cad-7 from the color
overlay image are shown in the third and fourth columns. Neural crest cells transfected with FL-
Cad7 appear to aberrantly associate with each other and tend to cluster (white arrows), in contrast to
the control GFP and EC-Cad7 expressing neural crest cells. Exogenous FL-Cad7 protein is
expressed mostly at adherens junctions between neural crest cells (white arrows) and is
downregulated in many GFP expressing transfected cells (gray arrows), whereas the EC-Cad7
protein is localized less specifically to the cell membrane and is expressed at high levels in most, if
not all, GFP expressing cells (white arrows). Expression of EC-Cad7 can cause disruption to neural
crest emigration as shown by the aberrant protrusions of neural crest (HNK-1+) and neural tube
cells in the lumen of the neural tube (asterisk).



Figure 4.



Figure 4.   Abundant full-length Cadherin-7 in the cranial neural crest causes abnormal neural crest
cell morphology but does not inhibit migration. To increase the percentage of transfected neural
crest cells, control GFP or FL-Cad7 expression vectors were introduced into the presumptive neural
crest region (neural plate border) at gastrula stages 4–6 by electroporation. Control GFP (A) or FL-
Cad7 (B) embryos were electroporated on one side as indicated by the GFP expression, and
analyzed at stages 10–11. Cross section through the midbrain region of the FL-Cad7 embryo at
stage 10+ showing the tightly clustered migration stream on the transfected side in contrast to the
unelectroporated control side. (C) Higher magnfication of the same section showing the control and
electroporated FL-Cad7 sides in the color overlay of GFP (green), Cad-7 protein (red), and HNK-1
(blue) expressions (also shown as individual images). (D) Close examination of the neural crest cell
morphology in the control GFP, control side of FL-Cad7, and FL-Cad7 cases shows that the neural
crest cells (HNK-1+) expressing high levels of Cad-7 are abnormally more adhered to one another
and appear more rounded with fewer cellular protrusions. This contrasts the loosely connecting and
mesenchymal appearance of the control neural crest cells.



Figure 5.

Figure 5.   Perturbation of Cadherin-7 in the precursors severely disrupts cranial sensory ganglia
formation. Top panels show color overlay of GFP expression (green) indicating area of transfection,
neuronal marker TuJ1 (red) on placodal neurons, and HNK-1 (blue) on neural crest cells. To
achieve high transfection levels, embryos were electroporated at stages 4–6 and analyzed at stage 16
in the forming ganglia. (A) Control GFP embryo displays typical ganglia formation. (B) By
contrast, overexpression of Cadherin-7 resulted in severe ganglia defects, including reduced (or
tightly coalesced) trigeminal and epibranchial ganglia (top arrows), with abnormal organization of
placodal neurons (regions of gaps within the ganglia [asterisk] and abnormal link between the
glossopharyngeal and vagal ganglia [bottom arrow]). These abnormalities correspond to regions of
transfection as shown by GFP expression in color overlay image and inset. (C) Blocking Cadherin-
7 by EC-Cad7 showed less severe effects, generally with misshapen ganglia (arrows) that were not
reduced in size. Unelectroporated control sides of the FL-Cad7 and EC-Cad7 embryos showed no
apparent defects. t, trigeminal; f, facial; g, glossopharyngeal; v,vagal; EP, electroporated.



Figure 6.



Figure 6.   Misexpression of Cadherin-7 leads to aberrant placodal morphogenesis and increased
neuronal cells in the ectoderm. Schematic of chick stage 16 embryo showing the levels of the
frontal plane sections. FL-Cad7 embryo electroporated in the precursor cell populations (both neural
crest and placodal ectoderm) at stages 4–6 showing transfection mostly in the placodal cells by the
time of analysis at stage 16. (A) Most proximal part of the trigeminal and facial ganglia adjacent to
the hindbrain, which is mostly neural crest-derived, appears to assemble properly. (B)
Misexpression of Cadherin-7 in the trigeminal placodal ectoderm causes dramatic disruptions of the
placodal ectoderm–– delaminating sheets of differentiating placodal ectoderm (TuJ1+) that do not
associate with neural crest cells (arrows). (C-D””) It also causes aberrant placode-derived neuronal
nodules (arrowhead, GFP+/TuJ1+) and widespread neuronal cells in the surface ectoderm (dotted
arrow, TuJ1+/GFP+). Placode–neural crest interaction appears abnormal. The aberrant nodules and
some regions in the ganglion clusters (arrow) are devoid of neural crest (HNK-1+) association. The
unelectroporated control side forms the typical OpV and MmV lobes as shown in C. (E-E’’’)
Control embryo electroporated with a GFP expression vector also at stages 4–6 shows normal
trigeminal ganglion formation and intermixing of neural crest (HNK-1+) and placodal neurons
(TuJ1+). OpV, ophthalmic; MmV, maxillo-mandibular; t, trigeminal; f, facial.


