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Cranial sensory ganglia neurons require intrinsic N-cadherin

function for guidance of afferent fibers to their final targets
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Abstract

Cell adhesion molecules, such as N-cadherin (cdh2), are essential for normal neuronal development,
and as such have been implicated in an array of processes including neuronal differentiation and
migration, and axon growth and fasciculation. Cdh2 is expressed in neurons of the peripheral nervous
system during development, but its role in these cells during this time is poorly understood. Using
the transgenic zebrafish line, tg(p2xr3.2:eGFPSIY), we have examined the involvement of cdh2 in
the formation of sensory circuits by the peripheral nervous system. The tg(p2xr3.2:eGFPSI1) fish
allows visualization of neurons comprising gV, gVII, giX and gX and their axons throughout
development. Reduction of cdh2 in this line was achieved by either crosses to the cdh2-mutant strain,
glass onion (glo) or injection of a cdh2 morpholino (MO) into single-cell embryos. Here we show
that cdh2 function is required to alter the directional vectors of growing axons upon reaching
intermediate targets. The central axons enter the hindbrain appropriately but fail to turn caudally
towards their final targets. Similarly, the peripheral axons extend ventrally, but fail to turn and project
along arostral/caudal axis. Furthermore, by expressing dominant negative cdh2 constructs selectively
within cranial sensory ganglia (CSG) neurons, we found that cdh2 function is necessary within the
axons to elicit these stereotypic turns, thus demonstrating that cdh2 acts cell autonomously. Together,
our in vivo data reveal a novel role for cdh2 in the establishment of circuits by peripheral sensory
neurons.
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The cranial nerves connect the central nervous system (CNS) to the periphery, allowing
vertebrates to sense and respond to their internal and external environment. Only four of the
cranial nerves carry both sensory and motor information: the trigeminal (V), facial (\VI1),
glossopharyngeal (1X), and vagal (X) nerves (Zhang and Ashwell, 2001). The sensory
components of these four arise from the cranial sensory ganglia (CSG), which are clusters of
neurons that reside outside the CNS in stereotypic positions. These ganglia transduce
somatosensory, chemosensory and viscerosensory information to the brain from receptors in
the head, throat, heart and viscera. While much is known about the anatomy and physiology
of these ganglia in adult organisms, little is known about how these circuits are formed.
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The process of peripheral sensory circuit formation is complex, requiring the interaction of
multiple cues in the environment to position the neurons of each ganglia and guide the central
and peripheral nerves to discrete targets [reviewed in (Tessier-Lavigne and Goodman, 1996)].
These cues may be diffusible or membrane-bound. Membrane-bound cues include not only
receptors involved in bidirectional signaling such as the ephs/ephrins (Reber et al., 2007), but
also proteins that participate in intercellular adhesion, such as the cadherins (Ranscht, 2000).

Cadherins are a family of calcium-dependent cell adhesion proteins. Their extracellular
domains consist of cadherin repeats that selectively bind the extracellular domains of
homotypic cadherins (i.e. cdh2 preferentially binds to other cdh2 proteins) (Ivanov et al.,
2001). Type 1 cadherins, including N-, E- and R-cadherin have a single transmembrane and
an intracellular domain that binds - and a-catenin, to anchor the protein to the actin
cytoskeleton (Ivanov et al., 2001). Additionally, the intracellular domain of cadherins interacts
with many intracellular signaling paths affecting axon outgrowth, navigation and
synaptogenesis [reviewed in (Nollet et al., 2000, Wheelock and Johnson, 2003)]. During neural
circuit formation, axons expressing a set of cadherins will selectively contact neighboring cells
or axons expressing the same cadherins (Redies et al., 1992, Ranscht, 2000). In such a way,
cadherins can serve as molecular codes orchestrating connectivity of various peripheral sensory
modalities to discrete targets in the CNS (Redies et al., 1997).

The expression pattern of N-cadherin (cadherin-2 or cdh2) has been studied extensively in
mouse, chick, xenopus and zebrafish. During development cdh2 expression is detected in
neural tissues, including subsets of the CSG (Simonneau et al., 1992, Bitzur etal., 1994, Redies,
1995, Liu et al., 2003). It has been shown that loss of cdh2 function in animals disturbs the
formation of cranial ganglia (Kerstetter et al., 2004); however, these studies were unable to
clearly distinguish effects on CSG afferents from those on efferents. Here we show that
disruption of cdh2 function results in misguided CSG afferents to the periphery and the CNS.
Furthermore, we show that these effects result from a cell autonomous role of cdh2 within the
CSG neurons.

Materials and Methods

Maintenance of fish

Fish were kept on a 14-hr day, 10-hr night schedule at a constant 28.5 °C, with feeding done
twice daily. All animal husbandry was carried out as described by Westerfield (Westerfield,
2000). Embryos were staged according to hours post-fertilization (hpf) and morphological
criteria (Kimmel et al., 1995). Embryos used for microscopy were treated with 0.003%
phenylthiourea to reduce pigmentation.

Injections into embryos

For injections, plasmid DNA or morpholino oligonucleotides (MO) were dissolved in 0.1 M
KCI, 20 mM HEPES (pH 7.4) containing 0.01% Phenol Red and injected into single-cell
embryos. 2-5 nanoliters were injected using a Picospritzer 111 (General Valve Corporation,
Fairfield, NJ) attached to a broken glass capillary. The cdh2 morpholino oligonucleotide (MO)
designed against basepairs -36 to -13 of N-cadherin cDNA was purchased from GeneTools
(Open Biosystems, Huntsville, AL). 2-5ng of the morpholino was injected into 1-4-cell-stage
embryos. Post injection, embryos were allowed to develop in fish water at 28.5 °C.

Zebrafish strains

Tg(UAS:kaede) and glass onion (glo™17) embryos were obtained from the Zebrafish
International Resource Center at the University of Oregon (Eugene, OR). Tg
(p2xr3.2:eGFPS!Y) embryos were described previously (Kucenas et al., 2006). glom17

Neuroscience. Author manuscript; available in PMC 2010 March 31.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LaMora and Voigt

Page 3

heterozygotes were crossed to tg(p2xr3.2:eGFPS) fish to generate tg(p2xr3.2:eGFPSI1):glo
heterozygotes. Such heterozygotes were in-crossed to create homozygous glo™17 embryos
containing the p2xr3.2:eGFP reporter. Tg(nkx2.2megfp) fish were a gift from Bruce Appel
(Ng et al., 2005), tg(isl1:eGFP) were a gift of H. Okamota (Higashijima et al., 2000) and tg
(PB4:gvp;UAS:kaede) are described below.

Generation of tg(PB4:gvp;UAS:kaede)

The PB4 promoter is composed of the 4kb of genomic sequence immediately upstream of the
transcriptional start site of the p2xr3.2 gene (Kucenas et al., 2006), and was obtained by PCR
and subcloned into the pEGFP-1 vector (Clontech) using Xhol/EcoR1 sites present in the PCR
primers. Embryos injected with this construct expressed eGFP within the CSG in a pattern
identical to the tg(p2xr3.2:eGFPS!1) line fish, but had no detectable eGFP expression in the
hindbrain. This PB4 promoter fragment was excised via Nhel and Agel sites and inserted
upstream of a gal4VVP16 element in the tol2 transposon vector pCH mcs G4VP16 (a kind gift
from Dr. Mike Nonet) yielding pCH.PB4:GVP. pCH.PB4:GVP (50 ng/pul) was coinjected with
transposase RNA (30 ng/ul) (pCS-TP) into eggs from the AB genetic background. Transposase
activity was verified by PCR analysis as described in (Kawakami et al., 1998). The
pCH.PB4.GVP construct contains a second expression cassette that has the cardiac myosin
light chain promoter in front of CFP, allowing us to identify carrier embryos by their cardiac
CFP-expression. Carriers were raised to adulthood and intercrossed to identify founders.
Approximately 10-15% of carriers were identified as founders. The tg(PB4:gvp) fish were
crossed to tg(UAS:kaede) fish to generate embryos for the tg(PB4:gvp;UAS:kaede) line.

Dominant negative construction and injection

Full length zebrafish cdh2 (accession number: AF430842) was cloned from cDNA obtained
from 4 days post fertilization (dpf) zebrafish by PCR (Phusion, New England Biolabs) and was
verified by sequencing. The two dominant negative cdh2 were constructed as follows. The C-
terminal deleted cdh2 (AC) was engineered by amplifying the coding region from the initiator
ATG to amino acid E739, which was converted to a termination codon (TAG); this residue sits
C-terminal to the transmembrane domain. The second dominant negative was a cdh2 molecule
that did not contain the extracellular cadherin domains (AN) and was constructed in a two-step
process. The first fragment spanned amino acid M4 through G3g: this sequence contains the
signal peptide and terminates at the start of the pro-domain (Malicki et al., 2003). The 3'-primer
used to generate this fragment included an extra 15bp corresponding to 5 amino acids (Sgse-
Se60) Situated 5’ of the transmembrane domain. A second PCR fragment was generated that
began at these 5 amino acids and continued through the membrane spanning domain and ended
at the native stop codon present in the 3’ primer. These two fragments were then used in an
overlap PCR (Egan et al., 1998) such that the signal peptide was attached directly to a site 47
amino acids upstream of the transmembrane domain (Kintner, 1992). Both dominant negatives
were then cloned into a UAS vector (a gift from Dr. R. Wong (Mumm et al., 2006)) at the
Asp718/Notl sites. Primers used for PCR were as follows: full length — 5’-end:
tataggtaccatcggtttctttatacagaac and 3'-end: tatagcggccgcctagtcgtcgttacctcegta; AC — 3'-end:
tatagcggccgcctatttatcecgtctcttcat; AN — overlap forward: ccatgtcagectggtagttacctggaaagt and
overlap reverse: actttccaggtaactaccaggctgacatgg. All PCR was performed using the high
fidelity DNA polymerase Phusion (New England Biolabs). PB4:GVP plasmid (50ng/ul) was
coinjected with either UAS:AC or UAS:AN (25ng/ul).

Epifluorescent Microscopy

Embryos were anesthesized with 0.02% tricaine in fish water and transferred to a 96-well plate.
Epifluorescent images were taken using a Nikon TE200 inverted microscope equipped with a
CoolSnap HQ digital camera. Metamorph software (Universial Imaging Corp) was used to
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acquire and process images. Cropping and rotating of images was carried out using Adobe
Photoshop. For timelapse imaging, embryos were embedded in 0.5% low-melting point
agarose containing 0.02% tricaine. The embryos were maintained at 28-29°C using a heated
plate, and images were taken every 5 minutes.

Confocal imaging of embryos

Live or fixed embryos were embedded in 0.5% low-melting point agarose containing 0.02%
tricaine. Optical sections were taken using an Olympus FV1000 MPE and z-stacks were
processed using Olympus Fluoview software and Adobe Photoshop. Kaede was
photoconverted from red to green fluorescence under visual inspection by excitation with a
405nm laser.

Scoring of phenotype

Results

Offspring from glo™17; tg(p2xr3.2:eGFPSI1) adults were imaged under brightfield to identify
homozygotes based on embryo morphology. At 4 days post fertilization (dpf), GFP-positive
embryos glo™17 embryos were imaged laterally under confocal microscopy as described
above. The gIX central axon was not amenable to visualization due to its depth and the
scattering of the epibranchial ganglia, so it was excluded from further analysis. The score of
“no axon” was given only when no central gVII nerve (snVII) or gX nerve (snX) was visible.
The score of “normally projecting” was given when the snV1l axon terminated near its normal
proximity in the hindbrain even when no plexus was formed, or when snX axons formed a
plexus in the hindbrain, though this plexus was sometimes less defined. The score of “misrouted
axons” was given when the snVII or snX was visible but followed a guidance path divergent
from that seen in control embryos.

Previous studies have shown that cdh2 is involved in the development of the CSG; however,
these studies used traditional techniques to label axons (e.g., acetylated tubulin
immunostaining) (Kerstetter et al., 2004) and as such were unable to identify all sensory axons,
nor distinguish the labeled CSG afferents from the branchiomotor efferents that course
alongside them. To overcome these problems and examine the role of cdh2 in the development
of the CSG, we used zebrafish from the transgenic line tg(p2xr3.2:eGFPSI1). The utility of this
line lies in the fact that the transgene reporter selectively labels the neurons and axons of the
trigeminal (gV), facial (gV11), glossopharyngeal (g1X), and vagal (gX) ganglia (Kucenas et al.,
2006) (Fig.1A,C). The soluble green fluorescent protein (eGFP) is detectable in CSG neurons
as they migrate, cluster into ganglia, and extend axons to peripheral and central targets, thus
allowing us to examine the formation of the central projections of the various CSG in intact,
living animals.

cdh2 knockdown disrupts axon pathfinding of the epibranchial ganglia

Ouir first step in determining the role of cdh2 in the formation of the ganglionic circuits was to
examine the effects of cdh2 disruption on ganglion formation and axon guidance. This was
accomplished in two ways: injecting a cdh2 morpholino oligonucleotide (MO) into tg
(p2xr3.2:eGFPS!1) embryos to block translation of the cognate mMRNA, or by crossing the tg
(p2xr3.2:eGFPSL) line fish into the cdh2 mutant, glass onion™17 (glo™17), The glo™17
mutant contains a point mutation in the extracellular domain of cdh2 that changes a tryptophan
to a glycine (Malicki et al., 2003), resulting in a protein that is unable to oligomerize and thus
cannot participate in adhesion. The CSG in living morphant or mutant embryos were analyzed
using confocal microscopy, with both sets of embryos yielding identical results.
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The most anterior CSG, gV, was only slightly affected as the neurons forming these ganglia
were not as compacted as in control animals (Fig. 1B) [see also (Kerstetter et al., 2004)]. The
central gV afferent nerve (snV) was slightly defasciculated, but properly routed (data not
shown).

The epibranchial ganglia (gVII, gIX and gX) were affected to differing degrees. The most
obvious defect seen was the misrouting of the gVII central nerve (snVI1) in the hindbrain (Fig.
1B). The gVII sits just rostro-medial to the ear. In control transgenic embryos, the central
afferent nerve a tightly fasciculated bundle of axons that projects dorsally along the rostral
edge of the ear. It enters the hindbrain at rhombomere 4, grows medially, forms a genu and
extends caudally through the hindbrain to join the gIX and gX central projections (snlX and
snX) at a plexus in the hindbrain (Fig. 1A). In both mutants and morphants, the snVII did not
form the genu and failed to extend caudally to the hindbrain plexus (Fig. 1B). In most mutants
(28 out of 38 mutant glo embryos), the snVII continued its dorsal path after entering the
hindbrain and projected aberrantly in rhombomere 4 or 5 (Fig. 1B,D) However, in some
mutants (7 out of 38 mutant glo embryos), the gVII failed to extend a central axon at all. In a
few mutant embryos (3 out of 38 mutant glo embryos) snVII did extend caudally as in control
(Fig. 1D).

The other two epibranchial ganglia, the gIX and gX, also had disrupted central projections in
mutants and morphants. In control embryos, glX and gX are discrete neuronal clusters that lie
ventral to the otocyst. gl X sits at the anterioventral corner of the otocyst and snlX extends
along the ventral edge of the otocyst until, at the posterior edge, it turns dorsally and enters the
hindbrain at rhombomere 6 (Fig. 1A,C). gX consists of several neuronal clusters ventral and
caudal to the otocyst (Fig. 1A,C). The snX axons course ventrally around the ear and along the
posterior margin until they meet at the dorsal edge of gX, where they form a bundle, course
dorsally and project into the hindbrain at rhombomere 7 (Fig. 1A,C). The snlX and snX project
along distinct paths, but meet with the snVI1I at a characteristic plexus in the hindbrain (Fig.
1A).

In both mutants and morphants, gIX neurons were less tightly compacted in the ganglion and
sniX failed to project to the hindbrain plexus. In some embryos (1 out of 38), snIX curved
around the ear, projected dorsally but missed the plexus and extended anteriorly into the
hindbrain. In other individuals (2 out of 38), snIX extended around the ear to the location of
the plexus even though the plexus was absent. However, in the majority of embryos (35 out of
38), snIX was not clearly visible. This could be because it was either absent, bundled with snX,
or its thin fibers were obscured by the gX neurons that were scattered in the glo™17 embryos.

In nearly half of glo mutants (17 out of 38), snX did reach the hindbrain; however, there was
little or no branching and as such the plexus was absent or weakly defined (Fig. 1D). For other
mutants (14 out of 38), an axon bundle grew dorsally but was misdirected, extending aberrantly
into the hindbrain or turning and projecting back towards the ganglia. For still others (7 out of
38 glo mutant embryos), the gX failed to extend an axon dorsally at all.

The peripheral processes of these ganglia were also disrupted in cdh2 mutants. In control
embryos, the peripheral processes extend from each ganglia into the branchial arches as two
bundles of ventrally oriented fascicles. The bundles follow the gill arches to near the ventral
midline, at which point they turn and join a fiber bundle oriented in the rostral-caudal direction
(Fig. 1E,G). The severely disrupted head and jaws of both mutants made visualization of the
ventral processes difficult, but axons could be seen projecting ventrally from each epibranchial
ganglia in mutants as in controls (Fig. 1E,F). However, these peripheral processes were
defasciculated and failed to turn at the midline (Fig. 1H). All of these results support a role for
cdh2 in normal CSG circuit formation, both at the level of ganglia formation and axon guidance.
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Timelapse imaging reveals a pause in gVIl elongation between 50-60hpf

To further elucidate the role that cdh2 plays in afferent axon guidance to the CNS, we carried
out in vivo timelapse imaging of snVII as it grows to its central targets. In tg
(p2xr3.2:eGFPSI1) embryos, gVII first becomes apparent at 33hpf. A bundle of axons then
grows dorsally from the ganglia and then medially into rhombomere 4 at 50 hpf. From 50-60
hpf, small projections ending in growth cones can be seen extending and retracting in nearly
all directions from the end of the fascicle, but the extensions are transient and no elongation
of the axon is detected. The extension of transient neurites in multiple directions indicates that
at the level of rhombomere 4 in control embryos snV 11 axons are detecting and responding to
cues in the environment. Around 60 hpf, the protrusions begin favoring the caudal direction
and the snVII forms a genu as it grows to rhombomere 7 and the caudal hindbrain, where it
meets snlX and snX at the hindbrain plexus (Fig. 2A).

Initially in glo™17:tg(p2xr3.2:eGFPSI1) embryos, gVII formed similarly to that of control
transgenic embryos. gVII neurons became apparent around 33 hpf and central bundles began
growing dorsally. However, between 50 and 60 hpf snVII did not pause and extend growth
cones in various directions as seen in controls, but instead continued to grow in the dorsal
direction (Fig. 2B) and thus failed to contribute to the formation of the hindbrain plexus. The
misdirected nerve also showed signs of defasciculation in the hindbrain around 72hpf. The
snlX and snX bundles follow the same time course in the mutants as they do in the controls,
exhibiting their defects only after reaching the area where the plexus normally forms (data not
shown).

These findings illustrate one major way that cdh2 mutant embryos differ from controls is
through the absence of an snVII pause and genu formation at the level of rhombomere 4. It is
interesting that up to this caudal turn, snV1I courses in a path distinct from, but parallel to, the
efferent branchiomotor VII nerve (mnV11), raising the possibility that mnVI1 is influencing
snVII axon guidance. We address this possibility by looking at efferent fibers in cdh2-deficient
embryos.

Efferent fibers are not affected by cdh2 knockdown

The branchiomotor nuclei in the hindbrain arise earlier than the CSG and their efferents begin
pathfinding ventrally from the branchiomotor neurons to peripheral targets, passing alongside
the various CSG, before the central processes of the CSG begin growing towards the hindbrain
(Higashijima et al., 2000). This supports the hypothesis that the pathfinding of the efferents
may influence the guidance of the afferents to the hindbrain and central targets. If this were
the case, and given the defects seen in the sensory circuits, we would expect that branchiomotor
nerves would also be misguided in cdh2 morphant embryos.

We tested this possibility by first examining the effect of cdh2 disruption on the peripheral
motor nerves using both tg(Isl1:eGFP) and tg(nkx2.2:megfp) embryos. In the tg(Isl1:eGFP)
fish, soluble GFP is expressed by the cranial motor neurons and some neurons of the CSG
(except gV) (Higashijima et al., 2000), allowing visualization of both cell bodies and axons.
In the tg(nkx2.2:megfp) fish, membrane targeted eGFP is expressed in the neural tube and
branchial arches (Ng et al., 2005); the only labeled peripheral axons in the head are the cranial
motor nerves. We injected cdh2 MO into embryos of these lines and visualized the efferent
fibers at 3 days post fertilization (dpf) by epifluorescent and confocal microscopy. We found
that in morphant embryos the Vth, VIIth and Xth branchiomotor nerves (mnV, mnVII and
mnX, respectively) projected through the periphery (Fig. 3C,D) in manners similar to those in
control transgenic embryos (Fig. 3A,B). These findings indicate that the peripheral defects
seen in the sensory limb do not arise from misrouted motor nerves.
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Our next step was to examine the effects of cdh2 disruption on the CNS portions of the efferent
nerves. We designed an experimental approach, using dual transgenic animals that would
enable us to simultaneously visualize and distinguish between the motor and sensory fibers.
This was necessary, as there was a wide diversity of afferent nerve defects that had been
observed in both morphant and mutant fish and it was essential to compare both afferent and
efferent nerves in the same animal in order to reach valid conclusions about the role(s) of the
efferents. To accomplish this goal, we first identified a p2xr3.2 promoter fragment that allowed
us to selectively express proteins within the peripheral sensory neurons, but not in hindbrain
neurons. We achieved this by cloning consecutively smaller portions of the 10kb p2xr3.2
promoter used to generate the tg(p2rx3.2:eGFPSIY) into an eGFP reporter plasmid. This led to
the identification of a 4kb fragment, referred to as PB4, which gave cranial expression in only
the gV, gVII, gIX and gX sensory neurons. This promoter was used to engineer tg
(PB4:GVP;UAS:kaede) (as described in the methods section), which drives the
photoconvertible protein kaede specifically within the CSG. By exposing tg
(PB4:GVP;UAS:kaede) embryos to UV light, kaede expressed in sensory neurons and their
axons was converted from a green to a red fluorescent protein (Hatta et al., 2006). Thus,
photoconversion of 4dpf embryos from a cross of tg(PB4:GVP;UAS:kaede) and tg
(Is11:eGFP) yielded CSG neurons and axons that were detected in the red channel (shown as
false-color magenta in Fig. 4A,E), whereas the motor neurons and their axons emit only green
fluorescence (Fig. 4B,F). This differential reporter expression allows us to distinguish the
afferent and efferent fibers simultaneously (merged images, Fig. 4C,G). Cdh2-MO was injected
into eggs derived from these crosses and the effects of cdh2 knock-down on the afferent and
efferent fibers were examined simultaneously (Fig. 4E-H).

At 4dpf the VII branchiomotor nuclei (mV11) of control embryos sit near the midline in
rhombomeres 5 and 6 (Fig. 4D). The mVII efferents (mnVI1I) project anteriorly, then turn
laterally, exit the hindbrain, and course ventrally between the gVI1 and the otocyst (Fig. 4C,D).
The snVII takes a distinct path from mnVII (Higashijima et al., 2000) (Fig 4C,D). During their
ascent, snVII afferent fibers follow a course lateral to the descending mnV1I efferents. The
snVII then extends medially into the CNS at a point just caudal to the exit point of the mnVII.
However, just past its entry point into the CNS, the snVII diverges from its path alongside
mnVII, forms a genu, and grows caudally to the plexus in the hindbrain. In cdh2-MO injected
embryos where the snVII failed to make its caudal turn and project to the hindbrain, the axons
forming the mnVI1 were still able to leave the branchial motor nuclei as a fascicle, make a
lateral turn and exit the hindbrain into the periphery as in control embryos. This occurred even
though the afferent limb was misrouted (Fig. 4G,H). Similar findings were observed for the
vagal system, where in animals without a properly formed plexus the mnX axons became
fasciculated, grew anteriorly and exited the hindbrain as normal (Fig. 4G,H). Together, these
results showed that the misrouting of the afferents in the morphants was not due to defects in
the branchiomotor efferent projections.

However, the positioning of the branchiomotor nuclei in the brain was irregular in many
morphants, with neurons of the branchiomotor nuclei crossing the midline and spreading across
rhombomeric borders (Fig. 4H; see also (Lele et al., 2002)), confirming that hindbrain
organization is affected by loss of cdh2 function. To determine if this disorganization was
responsible for the misrouting of the CSG afferents, we next examined the pathfinding of
cdh2-deficient neurons in a wild-type background.

Impairment of cdh2 function selectively within CSG neurons mimics the affects of global
cdh2 knockdown on snVIl and snX

Loss of cdh2 throughout an embryo results in animals with curved trunks, smaller eyes, an
indistinct midbrain-hindbrain boundary (Fig. 5A,B), a dorsally-broadened neural tube, and
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neuroepithelial cells, motoneurons and hindbrain interneurons that are abnormally arranged
(Fig. 4 and (Lele et al., 2002)). Incorrect CSG afferent pathfinding could therefore arise due
to disruption of hindbrain environment, loss of cdh2 in the environment and/or loss of cdh2 in
CSG. To distinguish among these possibilities, we specifically interfered with cdh2 function
in only CSG neurons by expressing dominant negative cdh2 constructs within these cells.

Overexpression of these constructs within the CSG neurons was achieved using the PB4
promoter and the binary Gal4-VP16/UAS system (Halpern et al., 2008). Gal4-VP16b (GVP)
is a potent transactivator that drives overexpression by binding at multiple, tandem UAS sites
(Halpern et al., 2008). Thus, a dominant negative construct under the control of a UAS/basal
promoter combination would be expected to achieve the high levels of dominant negative
protein needed to disrupt the function of the endogenous proteins.

The first dominant negative we tested was cdh2 without the intracellular domain. Deletions of
this cytoplasmic domain (AC), which anchors the cadherin protein to the cytoskeleton, have
been shown to interfere with cdh-mediated adhesion in xenopus, zebrafish, chick and mice
(Kintner, 1992, Levine et al., 1994, Nakagawa and Takeichi, 1998, Castro et al., 2004, Babb
et al., 2005). This construct was engineered by inserting a stop codon just downstream of the
transmembrane domain. Tg(p2xr3.2:eGFPS!1) embryos were then coinjected with PB4:GVP
and UAS:cdh2AC in order to achieve overexpression of cdh2AC in the CSG neurons. Unlike
control embryos (either uninjected or co-injected with PB4:GVP and UAS:mYFP, Fig. 5C)
and similar to morphants (Fig. 5D), embryos injected with cdh2AC showed misrouting of CSG
afferents (Fig. 5E). The animals exhibiting these defects had normal heads and bodies,
suggesting minimal to no ectopic expression of cdh2AC. We found that transient expression
frequently yielded mosaic expression patterns in the CSG (data not shown). Even so, we found
snVII, sniX or snX to be misrouted or absent in 21.4% (n=537) of embryos coinjected with
PB4:GVP and UAS:cdh2AC, compared to less than 1% of control animals.

The transmembrane and the extracellular domain are still present in the cdh2AC construct. To
determine if the extracellular domain of cdh2, which contains the adhesion motifs, was essential
in afferent pathfinding, we tested the effects of a second dominant negative (cdh2AN). This
cdh2 construct lacks the 5 extracellular cadherin repeats, but still retains the complete
intracellular domain. As with the cdh2AC construct, we found defects in the routing of snVI1I,
sniX and snX in 12.0% (n=279) of embryos injected with PB4:GVP and UAS:cdh2AN (Fig.
5F). Previous supports suggest that cdh2AN acts as a pan-cadherin dominant negative (Jontes
et al., 2004). The fact that the phenotypes exhibited in cdh2AC- and cdh2AN-expressing
embryos are identical would suggest that cdh2 function predominates in formation of these
circuits. The defects in axon guidance produced by expression of either the AC or AN construct
indicate that even in a control environment, gV1I, gIX and gX axons which lack cdh2 function
are unable to find their central targets.

A common test for cell autonomy is to test the effects of the wild-type molecule within mutant
cells. To this end, a full-length zebrafish cdh2 was expressed specifically within the CSG
neurons of glo embryos using the PB4:GVP/UAS system. In these experiments, we detected
no difference in the percentage of embryos exhibiting defective axon pathfinding between
groups of injected and uninjected glo;tg(p2xr3.2:eGFP) embryos (data not shown). These
results can be due to a number of potential mechanisms. One possibility is that we were unable
to achieve high enough levels of cdh2FL in sufficient numbers of neurons within a ganglion
to rescue the phenotype. Alternatively, it is possible that cdh2-expression within CSG neurons
is unable to rescue afferents in cdh2-deficient embryos because cdh2 on axon membranes must
interact with cdh2 protein on neighboring cells, such as glial cells, to pathfind properly. Another
possibility is that the physical disruptions throughout the hindbrain and neural tube of cdh2-
deficeint embryos might be sufficient to disrupt afferent pathfinding regardless of whether
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functional cdh2 is present within the CSG neurons or not. It is not possible to definitively
conclude from our results which of these mechanisms is operative.

Discussion

N-cadherin (cdh2) has been implicated in morphogenesis of neural systems across species
(Bronner-Fraser et al., 1992, Radice et al., 1997, Luo et al., 2001, Lele et al., 2002). Sensory
neurons express cdh2 during their development, but little is known about its function in this
process. In this study we investigated the role of cdh2 in the formation of sensory circuits by
the CSG. We demonstrate that cdh2 activity is a requirement for the proper pathfinding of both
the central and peripheral projections of the epibranchial CSG, and that this action is dependent
on the expression of functional cdh2 in CSG neurons themselves. These findings highlight a
novel in vivo role of cdh2 in neural circuit formation.

There are multiple hindbrain defects seen in zebrafish cdh2 mutants (Lele et al., 2002).
Considering these abnormalities, it would not be unexpected that peripheral sensory neural
circuits would also be affected. Indeed, we found this to be the case in both mutant (glo™17)
and cdh2 morpholino-injected embryos. In these animals, the CSG were found in their
appropriate positions near the eye (gV) or ventrolateral to the ear (gVI1I, gIX and gX), ruling
out a role for cdh2 in anatomical positioning. However, these embryos did exhibit a spectrum
of defects in gVII, gIX or gX circuit formation, ranging from axonal misrouting (seen in the
majority of cases) to absence of a central projection from single ganglia. This lack of a central
projection was not due to loss of neurons, as all ganglia were present in all animals, and each
of the ganglia produced proximally fasciculated peripheral axons. These findings suggest that
either the neurons were unable to generate a viable central axon branch or that both the central
and peripheral branches were bundled together, with the peripheral branch dominating the
pathfinding process. Future studies will be needed to determine which of these mechanisms is
responsible. As for embryos exhibiting misrouting of projections, even in the most severe cases
axons always exited and were maintained for some distance from the ganglion as tightly
fasciculated bundles in a manner similar to control animals, indicating that cdh2 is not required
for the initial fasciculation of CSG axons.

In the misrouting cases neither peripheral nor central projections reached their final targets.
While the CSG central projections entered the hindbrain correctly, the snVII, snlX, and/or snX
failed to make stereotypical caudal turns or branches leading to their final target zone in the
hindbrain. For the peripheral processes, fascicles from each ganglion coursed ventrally along
the gill arches, became defasciculated, and failed to make the typical orthogonal turn to project
along the midline upon reaching their ventral limit. Thus for both sets of projections, it appeared
that loss of cdh2 function resulted in an inability for axons to undergo a change in direction at
particular, stereotypical points which we refer to as ‘choice points’. These behaviors lead us
to propose that cdh2 permits directional changes during axonal growth in response to
environmental cues.

One difficulty in interpreting the results from mutant and morphant experiments is that global
disruption of cdh2 function impacts numerous neurodevelopmental processes. Thus, we could
not discern whether the defective CSG circuits were due to loss of cdh2 activity within the
CSG axons, to loss of activity within the axonal environment, or a combination of both
mechanisms. By selectively over-expressing two different dominant negative cdh2 constructs
in the sensory neurons of wild-type fish, we were able to demonstrate that cdh2 has an essential
role within the CSG axons.

So how does cdh2 function within CSG neurons mediate axon guidance at choice points? We
propose two hypotheses to explain the defects in central pathfinding we observed. First, as a
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homotypic cell adhesion protein cdh2 could selectively bind and adhere the growing axon to
cdh2 proteins on neighboring cells. This has been observed in in vitro experiments where
cdh2-positive sensory axons preferentially grew along the cell borders of cdh2-expressing cells
(Redies et al., 1992). In zebrafish, a trail of cdh2-bearing cells could act to guide the cdh2-
expressing snVII, snlX or snX nerves through the hindbrain to their final destinations.
Therefore, when homotypic cdh2-mediated adhesion occurred, it would act to trigger further
axonal growth along this cellular tract. The pause in snVII axon growth seen from 50-60 hpf
could be explained by the need for cdh2-positive cells, such as glia (Tomaselli et al., 1988), to
migrate to this choice point where they contact and stimulate the snVII axons to continue on
in a new direction. When no homotypic adhesion occurs, as with cdh2 disruption, the axons
do not pause but instead continue growing in an incorrect direction due to inappropriate
integration of surrounding inputs. Thus, lack of cdh2 function in CSG leads to loss of adhesion
resulting in altered axon outgrowth.

An alternative hypothesis is that it is the intracellular signaling mediated and/or modulated by
the C-terminus of cdh2, rather than adhesion, which is critical. The C-terminus of cdh2 interacts
with a number of proteins that modulate the adhesive properties of cdh2 and/or activate
downstream signaling pathways. Molecules that can interact with the intracellular domain of
cdh2, include tyrosine kinases, phosphotases, the Rho family of GTPases and effectors
involved in Wnt signaling (Wheelock and Johnson, 2003, Bamji, 2005, Bruses, 2006). These
molecules are implicated in the regulation of cadherin-mediated cell adhesion at the level of
gene transcription, post translational modifications, or by changes in extracellular calcium
concentration. Furthermore, cdh2 influences signaling cascades affecting actin dynamics or
synapse formation by interacting with these molecules (Ranscht, 2000). Thus, this domain
could be critical for the proper integration of signaling by multiple guidance cues acting upon
the axons, and without this action of cdh2, even in the presence of adhesion, the axon cannot
generate the proper cue response and instead grows in an inappropriate direction.
Distinguishing between the adhesive and signaling aspects of cdh2 function has been proposed
to be problematic (Kintner, 1992, Bruses, 2006); we also were unable to differentiate between
these two properties in our dominant negative experiments.

There are notable differences between pathfinding errors of different CSG afferents in embryos
with defective cdh2 function. For gVII, the central afferent failed to turn caudally and instead
extended in an aberrant fashion. In contrast, sniX and snX did make their caudal turns, but then
failed to branch and form the plexus. One explanation for these differences could lie in reports
that CSG neurons express multiple cadherin isoforms; in zebrafish, cdh2 is expressed in gV,
gVIl and gX neurons (Liu et al., 2003), cdhl (E-cadherin) in gV and gVII, cdh4 (R-
cadherin) and cdh6 within gV and gX (Liu et al., 2003, Liu et al., 2006b), and cdh10 in gV,
gVIland gX (Liuetal., 2006a). This differential expression of cadherins may provide differing
degrees of redundancy with respect to cdh2 function and thus cause the observed differences.

Another functional outcome attributed to this combinatorial cadherin expression is the creation
of a molecular code to guide axons from neurons that share common functional features or
neuroanatomical connections (Redies et al., 1992, Redies and Takeichi, 1993, Redies et al.,
1997, Ranscht, 2000). Cadherins have been shown to be expressed differentially in regions of
the floor plate (Redies et al., 1997) and thus may act to selectively mark intermediate targets
for the different CSG central nerves. The afferents of cdh2-deficient embryos become
misguided after reaching these intermediate targets, suggesting that cdh2 is not involved in
that stage of guidance, but instead that it modifies the response of the afferents to environmental
cues after they pass these target zones. For instance, cdh2 expression at the floor plate may
trigger snlX and snX to defasciculate, form branches to and establish synapses in the hindbrain
plexus similar to what has been reported for cadherins in the tectofugal tract in the chick
hindbrain (Redies et al., 1993, Redies et al., 1997). One note of interest is that while our studies
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indicate disruption of cdh2 in the ganglia affects pathfinding of snlX, previous studies did not
report cdh2 expression within gIX (Liu etal., 2003). However, a low copy number of transcripts
or proteins would make it difficult to reliably detect cdh2 expression in gl X, given the small
number of neurons composing it, together with its medial location.

Our results show for the first time that cdh2 expression is required within the CSG neurons to
allow discrete turning or branching of their nerves in the hindbrain. The mechanism responsible
for this function of cdh2 within the CSG neurons remains to be elucidated; however, our results
clearly show that cdh2 function is a requirement at these “choice point(s)”, where it enables a
change in direction of axonal outgrowth. Additionally, we have demonstrated the utility of the
tg(p2xr3.2:eGFPs!1) and the PB4 promoter for assessing the role of genes in CSG development.
These tools should prove valuable in future studies involving genes critical to the development
of the CSG.
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Abbreviations

CSG

cranial sensory ganglia
CNS

central nervous system
glo

glass onion mutant
[s\Y4

trigeminal ganglia
snV

trigeminal afferent
mV

trigeminal nuclei
mnV

trigeminal efferent
gVvll

facial ganglia
snV1I

facial afferent
mVII

facial nuclei
mnVIlI

facial efferent
glXx

glossopharyngeal ganglia
sniX

glossopharyngeal afferent
miIX
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glossopharyngeal nuclei

mniX
glossopharyngeal efferent
gX
vagal ganglia
snX
vagal afferent
mX
vagal nuclei
mnX

vagal efferent
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control

Figure 1. Absence of cdh2 function in glo mutant embryos disrupts axon pathfinding of the
epibranchial ganglia

Confocal Z-stacks comparing control CSG (A,E,G) and glo CSG (B,F,H) at 4dpf. In all panels,
rostral is to the left. A, B, Lateral views of 4dpf control (A) and homozygous glo™17:tg
(p2xr3.2:eGFPS1) (B) embryos showing defects in the gV11, gIX and gX central axonal
projections (labeled snVII, snlX and snX, respectively). C, Schematic illustration of GFP-
labeled nerves in A. D, Graph representing the percentage of glo mutant embryos displaying
normally projecting, aberrantly projecting or absent gVl or gX axons. 38 homozygous

glo M17:tg(p2xr3.2:eGFPSI1) embryos from two clutches were examined under confocal
microscopy and their central projections were scored. E and F, Lateral views of tg
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(p2xr3.2:eGFP) control (E) and glo (F) embryos showing bundles of axons extending ventrally
from each epibranchial ganglia in both control and glo mutant embryos. G and H, Ventral views
of control (G) and glo; tg(p2xr3.2:eGFPSIY) mutant (H) embryos showing the bilateral ganglia
extending peripheral processes to the ventral midline. In glo embryos the processes defasciulate
as they reach the midline and fail to turn and extend along the rostral-caudal axis. snV1lI, snIX
and snX are abbreviations for gV1I, gIX and gX nerves, respectively.
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Figure 2. Timelaspe imaging reveals a pause in snV1 I7growth accompanied by transient axonal

extension and retraction in control, but not in gIomll

caudal vector

Row A shows frames from a tg(p2xr3.2:eGFPSI1) control timelapse movie. In control embryos,
elongation of snVII pauses between 50h and 60h. Arrows in row A indicate the axon fascicles
that are extended and retracted before snV1I turns to grow caudally and meet snlX and snX at
the hindbrain plexus. Row B shows frames from a timelapse movie of a tg
(p2xr3.2:eGFPSIY):glo 17 mutant embryo. In the mutant, snVII continues growing in the
dorsal direction and the transient axon extensions and retractions are absent. Age of embryos
is shown in upper left corner of each image. In all images rostral is to the left, dorsal to the top.

embryos as snVII turns from a dorsal to a
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A control

C cdh2-MO

Figure 3. Efferent fibers are not affected by loss of cdh2

Comparison of control (A,B,C,D) and cdh2-MO injected (E,F,G,H) motor projections using tg
(nkx2.2megfp) (A,E) and tg(Isl1:eGFP) (B,C,D,F,G,H). A,B,E,F are epifuorescent images of
lateral views of 72 hpf embryos; C and G are lateral confocal images from 48 hpf embryos;
D and H are 96hpf dorsal confocal images. In all images rostral is left. mnV, mnVII and mnX
are abbreviations for respective motor nerves, whereas mV, mVII and mX are abbreviations
for the respective motor nuclei.
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A

snX

control
P

Figure 4. The effects of cdh2 knock-down are specific to the afferent fibers

A cross between tg(PB4:GVP;UAS:kaede) and tg(Isl1:eGFP) fish show that snVII central
processes project aberrantly even though mnVII projects normally in cdh2-MO injected
embryos. A-D depict a control embryo, E-H depict a cdh2-MO injected embryo. Note also,
neurons in the CSG appear scattered in cdh2-MO injected embryos (E-G). D and H are
dorsolateral views showing the positioning of the motor nuclei. In all images, the sensory
circuits are labeled with photoconverted kaede, shown as magenta, and all motor circuits (and
some sensory neurons) contain GFP labeling that is shown in green. Cells expressing both
proteins are seen as white. Images are from 96hpf embryos. Rostral is left, dorsal is top.
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C control

snVIl

Figure 5. Cdh2 is necessary within CSG neurons for proper pathfinding of gVI11, gl X, and gX central
axonal bundles

Heads of control (A) and glo mutant (B) embryos at 30hpf are shown as brightfield images.
The midbrain-hindbrain is indicated with arrow in A. Epifluorescent images in C-F are lateral
views of 4dpf tg(p2xr3.2:eGFPS!Y) embryos which are uninjected (C), cdh2-MO injected (D)
or co-injected with PB4:GVP and a UAS:AC (E) or UAS:AN (F). Arrowhead indicates snVIl,
which projects aberrantly in D, E, and F. Rostral is left; dorsal is up.
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