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Neurite Qutgrowth and In Vivo Sensory Innervation
Mediated by a Cay2.2-Laminin 32 Stop Signal
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Axons and dendrites of developing neurons establish distributed innervation patterns enabling precise discrimination in sensory sys-
tems. We describe the role of the extracellular matrix molecule, laminin (32, interacting with the Ca, 2.2 calcium channel in establishing
appropriate sensory innervation. In vivo, Cay2.2 is expressed on the growth cones of Xenopus laevis sensory neurites and laminin 32 is
expressed in the skin. Culturing neurons on a laminin 32 substrate inhibits neurite outgrowth in a specific and calcium-dependent
manner. Blocking signaling between laminin 32 and Ca,2.2 leads to increased numbers of sensory terminals in vivo. These findings
suggest that interactions between extracellular matrix molecules and calcium channels regulate connectivity in the developing nervous

system.
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Introduction

During neuronal development, axonal and dendritic processes
must distribute appropriately within target tissues. Neurite ar-
bors efficiently innervate sensory surfaces while maintaining dis-
crete spatial resolution in systems such as the mammalian retina
(Wassle et al., 1981), the body wall of the leech and Drosophila
(Grueber et al., 2003; Baker and Macagno, 2007), and zebrafish
and Xenopus skin (Kitson and Roberts, 1983; Sagasti et al., 2005).
In some cases, a tiled distribution is maintained by contact me-
diated repulsion (Emoto et al., 2004; Sagasti et al., 2005; Baker
and Macagno, 2007; Hughes et al., 2007), whereas in other cases
separate or additional mechanisms are involved (Grueber et al.,
2003; Gallegos and Bargmann, 2004; Lin et al., 2004; Sagasti et al.,
2005). These may include intrinsic limitation of neurite growth
or instruction of neurite distribution by preexistent tiled patterns
of extracellular matrix molecules within target tissue (Hari et al.,
2004). Particularly, “stop signals” may direct termination or in-
struct neurites to avoid inappropriate regions.

Calcium signals play key roles in mediating growth cone ex-
tension, turning, collapse, and stopping (Spitzer, 2006). Eleva-
tions in intracellular calcium on growth cone contact with solu-
ble guidance molecules or extracellular matrix molecules (Snow
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et al., 1994) lead to inhibition of growth or neurite avoidance.
Calcium responses to guidance cues are mediated by a diverse
repertoire of calcium channels within the growth cone that in-
clude transient receptor potential channels and voltage-gated
channels (Lipscombe et al., 1988). We describe the expression
and role of Ca,2.2, a canonical voltage-gated calcium channel
(Nowycky et al., 1985) in the growth cone of neurites innervating
the skin. Ca, 2.2 is notable among voltage-gated calcium channels
in that it is also mechanosensitive (Calabrese et al., 2002) and
binds directly to the extracellular matrix molecule laminin 32
(Nishimune et al., 2004).

Laminins are heterotrimeric glycoproteins composed of an «,
B, and vy chain. Currently five «, three 3, and three vy chains have
been identified in the mouse and human genomes. The laminin
B2 chain is localized to the synaptic but not extrasynaptic regions
of the basal laminas of the neuromuscular junctions (Patton et
al., 1997), as well as the retina (Hunter et al., 1992a) and subplate
and floorplate of the developing CNS (Hunter et al., 1992b). The
laminin B2 chain is needed for proper synapse assembly (Noakes
et al., 1995a) and organizes presynaptic nerve terminals through
direct interactions with Cay2.1 and Ca,2.2 (Nishimune et al.,
2004). Furthermore, at least in vitro, laminin 32 acts as a stop
signal for outgrowing motor axons (Porter et al., 1995).

We have tested whether the laminin B2 interactions with
Ca, 2.2 are responsible for the laminin 2 stop signal. We show
here that interactions between laminin 82 and Cay2.2 lead to
inhibition of neurite outgrowth in vitro. This inhibition is accom-
panied by calcium transients in stalled growth cones. We describe
a tiled expression pattern of laminin 82 in the developing skin
and demonstrate that blocking the signal between Ca,2.2 and
laminin (32 in vivo leads to changes in sensory innervation of the
skin.
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Materials and Methods

Generation and staging of embryos. Adult female Xenopus laevis were in-
jected with human chorionic gonadotropin (Sigma, St. Louis, MO) and
oocytes were fertilized in vitro. Embryos were staged according to Nieu-
wkoop and Faber (1967).

RT-PCR and in situ hybridization. RNA was isolated from the dorsal
region of stage 12-30 X. laevis embryos using RNAqueous-4-PCR (Am-
bion, Austin, TX). cDNA was generated using random hexamer primers
and superscript II enzyme (Invitrogen, Carlsbad, CA). Ca,2.2 primers
were designed from X. tropicalis genomic sequence by aligning it with
Ca,2.2 sequence from other species to determine introns and exons.
Sequence accession number and forward and reverse primers for PCR
were as follows: Ca,2.2 (JGI TKS329692.x1), 5’ GAATTCTTCACTAT-
GACAACGTACTGTGGGCGTTGC, and 5'GGATCCAAGGCTA-
CACTCCGACATGACCTTATCTC, respectively. The reverse transcrip-
tion (RT)-PCR product was cloned into pBluescript and sequenced
(University of California, San Diego Center for AIDS Research). Anti-
sense probes for in situ hybridization were generated from the PCR prod-
uct of Cay2.2 using the digoxigenin RNA Labeling kit (Boehringer
Mannheim, Indianapolis, IN). Sense probes were used as controls. I situ
hybridization was performed as described previously (Harland, 1991)
and modified (Burger and Ribera, 1996).

Culture. Plastic culture dishes (Corning, Corning, NY) with 200 ul
volume reduction rings or 10 ul microwells (Nunc, Naperville, IL) were
incubated with 5 pg/ml laminin (Sigma) alone or with 200 ug/ml 20 kDa
C terminus of laminin B2 leucine-arginine-glutamate (LRE) fragment
solublized by linkage to maltose binding protein or a mutated version
[(LRE—QRE (glutamine-arginine-glutamate)] (Nishimune et al., 2004)
in PBS for 2 h. After rinsing with filtered PBS, dishes were blocked for 2 h
with 30 mg/ml heat inactivated, filtered BSA. Dishes were rinsed at least
five times with PBS and two times with modified Ringer’s solution [MR;
containing (in mm) 116 NaCl, 0.67 KCl, 1.31 MgSO,, 2 CaCl,, 4.6 Tris-
base, pH adjusted to 7.8 with HCI]. For loop peptide experiments, cul-
tures were incubated with 20 uM peptide corresponding to rat Ca,2.1 or
Cay1.2 11th extracellular loop (Nishimune et al., 2004) for 1 h before
addition of cells. Stage 15-17 neural plates were dissected in MR contain-
ing 1 mg/ml collagenase-B (Boehringer Mannheim) and then dissociated
in calcium-free medium for 1 h. Dissociated cells were cultured in MR for
14-18 h, fixed, and stained for B-tubulin as described below. For exper-
iments with conotoxin, 5 uM w-conotoxin-GVIA (Sigma) was added 1-2
h after plating. Tubulin-positive cells were scored for presence of a neu-
rite longer than one cell body in diameter. There was no difference in
percentage of neurons extending processes between 200 and 10 ul cul-
tures (supplemental Fig. 1, available at www.jneurosci.org as supplemen-
tal material).

Imaging. Culture dishes were coated with the laminin 82 LRE or QRE
fragment. Interleaved bands of native and denatured laminin 32 were
generated by placing three electron-microscopic section multislot sup-
port grids (RB-90-Ni; Electron Microscopy Sciences, Hatfield, PA) in
each dish and exposing dishes to UV illumination (12—-15 cm from an 8
W bulb) for 2 h (Porter et al., 1995). This procedure yields alternating
184-pum-wide bands of native and 90- um-wide bands of denatured lami-
nin; the boundary is clearly visualized with illumination at 442 nm. Neu-
rons from stage 17-20 embryos plated across both native and denatured
stripes rapidly extended neurites. Cells were loaded with Fluo-4 AM and
imaged as growth cones approached the boundary between denatured
and native laminin B2 fragments from the denatured side. Images were
captured at 2 Hz on a Leica (Nussloch, Germany) SP5 confocal micro-
scope and analyzed with Image J. An image of the grid taken at the
beginning of acquisition was superimposed onto the supplemental
Fluo-4 movie (available at www.jneurosci.org as supplemental material).
Comparison with the grid at the end of acquisition confirmed that the
dish had not moved.

Immunocytochemistry. Whole or dissected Xenopus embryos were
fixed with 4% paraformaldehyde (PFA), 0.1% glutaraldehyde in PBS for
30 min at 4°C. For open book dissections and HNK-1 antibody whole-
embryo staining, embryos were incubated in 0.5% Triton X-100 PBS for
1-5 d before dissection or staining. Embryos were then dissected by
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making a ventral incision and removing the gut, notochord and myo-
tomes to reveal the ventral surface of the neural tube and the internal
surface of the skin. Cultured neurons were fixed in 4% PFA, 0.1% glu-
taraldehyde for 5 min. All preparations were blocked with 2% bovine
serum albumin in 0.1% Triton X-100 in PBS before staining overnight at
4°C at the following concentrations: rabbit anti-Cay2.2 (Alomone,
Jerusalem, Israel), 1:200; mouse IgG anti B-tubulin (Sigma), 1:500;
mouse IgM anti-HNK-1 (Sigma), 1:100; mouse IgG anti-laminin 32 C4
(Hunter et al., 1989), 1:500; mouse IgM anti-laminin 82 D79, 1:10.
HNK-1 whole-embryo staining was incubated at 4°C for 1-5 d. Alexa-
Fluor secondary antibodies (Invitrogen) were used at 1:300 for 1-2 h at
room temperature. Dissected embryos were mounted in 80% glycerol
and whole-mount HNK-1-stained embryos were dehydrated in metha-
nol and mounted in 2:1 benzyl benzoate:benzyl alcohol for clearing.
Other preparations were visualized in PBS. Images of dissected embryos
were acquired on a Bio-Rad (Hercules, CA) MRC-1024 confocal attach-
ment on an Olympus (Tokyo, Japan) BX-50WI microscope. Whole-
mount embryos and cultured cells were imaged with a Zeiss
(Oberkochen, Germany) Axiocam MRm camera on an Axioskop 2 mi-
croscope using a 20X Achroplan water-immersion objective (whole
mount and some cultures) or a Plan 10X objective (microwell cultures).
Z-stacks of whole-mount HNK-1-stained embryos were deconvolved
using the nearest neighbor algorithm on AxioVision.

Bead implants. One to two hundred mesh Affigel Blue beads (Bio-Rad)
were soaked overnight in 10 uM w-conotoxin GVIA (Sigma) in bead
buffer [20 nm Na citrate, 150 mm NaCl, 1 mm Mg(OAc),, 20% glycerol,
0.02% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate]) or 1 mg/ml calcium channel loop peptides in PBS. Beads were
implanted in stage 16—18 embryos. Embryos were fixed and stained at
stages 34—36.

Analysis. Cultured neurons stained with tubulin were scored for pres-
ence of a neurite longer than the diameter of the cell body. Length was
measured using AxioVision software. Statistical analyses were ANOVAs
followed by Dunnett’s multiple comparison test against the laminin 111
control. In vivo images are through-series projections of the z-stacks of
images that were used to capture the skin of the curved embryo. Quan-
tification was done by examining slices of the z-stacks. A nerve terminal
cluster was defined by the presence of two or more HNK-1-stained
puncta in the plane of the skin and within three diameters of each other.
Objectivity was assured because quantification was done blind to exper-
imental condition. Analyses were ANOVAs followed by Tukey’s multiple
comparison test between all pairs of conditions. All tests were two sided.
Descriptive statistics are reported as mean * SEM.

Results

Expression and localization of Cay2.2

Calcium signaling is important for many aspects of early neuro-
nal development, including neuronal proliferation and migra-
tion, specification of neurotransmitter phenotype, and axon
guidance (Spitzer, 2006). These observations prompted us to ask
what other neuronal phenotypes are regulated by early forms of
calcium-dependent activity. We therefore screened candidate
genes encoding calcium-permeable channels and receptors that
could contribute to early excitability because of their expression
patterns at early stages of development. From this screen we
found that the Xenopus homolog of Ca,2.2 was detected by RT-
PCR beginning at the time of neural plate formation (stage 13)
until the time of synapse formation (stage 30) (Fig. 1 A). Cay2.2
mRNA continued to be detected until the swimming tadpole
stage (stage 48) (data not shown). In situ hybridization with a 272
bp fragment of Ca, 2.2 revealed expression in the spinal cord and
hindbrain beginning at the time of neural tube closure (Fig. 1 B),
leading us to pursue further investigation of this channel.

To localize Cay 2.2 we immunostained whole mount prepara-
tions (Fig. 1C). Tailbud (stage 26) Xenopus embryos were stained
for the neuronal marker HNK-1, revealing longitudinal tracts
running anteroposteriorly, commissural axons crossing the ven-
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tral midline, and sensory Rohon-Beard
axons traversing the skin. Costaining
with an antibody to Cay2.2 revealed ex-
pression in growth cones of extending
commissural and Rohon-Beard sensory
axons (Fig. 1 D-F). Expression was also
seen in the growth cones of the longitu-
dinal tracts and growth cones initially
emerging from the spinal cord (supple-
mental Fig. 2, available at www.jneurosci.
org as supplemental material). Similarly,
Cay2.2 is expressed in over 90% of growth
cones of spinal neurons grown in vitro,
specifically along the distal margin of the
lamellipodia and in the filopodia (Fig.
1G,H). Expression of Ca, 2.2 in the growth
cone suggested that it may participate in
developmental growth decisions such as
initiation, outgrowth, guidance, and
stopping.

Expression and localization of

laminin 2

Peripheral processes of sensory neurons in
Xenopus and other organisms innervate the
skin in a distributed, tiled manner (Kitson
and Roberts, 1983; Emoto et al., 2004; Gal-
legos and Bargmann, 2004). In some cases,
tiled patterns may be specified from exter-
nal guidance cues, such as stop signals that
limit neurite growth. Laminin 32 has been
shown to act as a stop signal for neurites of
developing motor neurons (Porter et al.,
1995). Because laminin (32 interacts di-
rectly with Cay2.2 (Nishimune et al,
2004), we investigated its expression in Xe-
nopus skin.

Xenopus skin is composed of two layers.
The inner sensorial layer gives rise to pre-
cursor cells that intercalate into the super-
ficial layer and differentiate into ciliated
cells and intercalating nonciliated cells also
termed conical cells. The superficial layer
contains hexagonal mucus-secreting epi-
dermal cells as well as the ciliated cells and
intercalating nonciliated cells (Fig. 2A)
(Somasekhar and Nordlander, 1997;
Stubbs et al., 2006). Immunostaining 2-d-
old larvae (stage 35) with monoclonal an-
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Figure 1. (a,2.2 s expressed in the developing Xenapus neural tube and is localized to the growth cone during axon out-
growthinvivoandinvitro. A, RT-PCR of a 272 base pair fragment of Ca, 2.2 using mRNA collected from dissections of dorsal halves
of embryos from stages (St.) 12—30. B, In situ hybridization using the probe made from the same fragment reveals expression of
(ay2.2 in the developing neural tube. Scale bar, 500 m. €, Schematized dissection for immunostaining: a ventral incision was
made to remove the myotomes and notochord and reveal the neural tube and skin. Staining with the neuronal marker HNK-1
reveals longitudinal tracts running anteroposteriorly, axons of sensory Rohon-Beard neurons innervating the skin, and commis-
sural interneurons crossing the ventral midline. D, Ventral view of a spinal cord and skin of a dissected embryo stained for HNK-1
(purple) and Ca, 2.2 (green). Boxes outline the Ca,2.2-positive growth cones pictured in Eand F. Scale bar, 50 um. E, Sensory
Rohon-Beard growth cone expressing Ca, 2.2 (green). Scale bar, 10 wm. F, Commissural interneuron expressing Ca, 2.2 (green).
Scale bar, 5 um. G, Cultured neuron stained for B3-tubulin (purple) and Ca, 2.2 (green) expressing Ca,2.2 in the growth cone.
Scale bar, 50 um. H, Growth cone boxed in G. Scale bar, 10 wm.

Xenopus neurons in vitro on a substrate of laminin-111 that does

tibodies to laminin B2 revealed association with specific cell
types. Regions defined by the hexagonal cells express laminin 32,
whereas regions around ciliated cells and intercalating noncili-
ated (or conical) cells do not express laminin (2. Similar results
were obtained with two monoclonal antibodies, C4 (Fig. 2 B) and
D79 (data not shown), which recognize distinct epitopes of lami-
nin (2.

Ca, 2.2 interaction with laminin 32 in culture

Because Ca,2.2 and laminin 82 bind directly to each other (Nish-
imune et al., 2004) and are expressed where they may interact in
vivo, we sought to determine whether this interaction affects neu-
rite outgrowth. The eleventh extracellular loop of Cay2.2 binds
an LRE motif on laminin B2 (Nishimune et al., 2004). We grew

not have a B2 chain, on laminin-111 plus a solublized 20 kDa
C-terminal fragment of the laminin 82 chain containing the LRE,
or on laminin-111 plus a point mutated (LRE—QRE) laminin
B2 fragment. Neurons, identified by immunostaining for
neuron-specific B-tubulin, extended significantly fewer pro-
cesses on substrates containing the LRE fragment (28 = 3%)
compared with QRE (42 £ 4%) or nonlaminin (32 substrates
(49 = 2%; n = 6 embryos per condition) (Fig. 3A-C,F). These
results demonstrate an effect of laminin 82 on neurite extension
of Xenopus spinal neurons.

To test whether the inhibition of neurite outgrowth is specific
to interactions between laminin 82 and Ca,2.2, we incubated
neuronal cultures grown on laminin-111 plus the laminin £2
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Figure2. Laminin B2isexpressedin atiled pattern in the skin. A, Schematic of Xenopus skin.
B, Whole-embryo staining with the (4 antibody to laminin 32 revealed expression coextensive
with hexagonal epithelial (H) cells but not ciliated (C) or intercalating nonciliated cells (INC) in
stage 34 larvae. Scale bar, 25 um.

LRE fragment with a peptide corresponding to the eleventh ex-
tracellular loop of rat Ca,,2.1. This peptide binds the LRE motif of
laminin B2 (Nishimune et al., 2004) and shares 91% homology
with Xenopus Ca,2.2. Asa control, we incubated cultures with the
11th extracellular loop of rat Ca,, 1.2 that shares only 61% homol-
ogy with Xenopus Cay2.2 (supplemental Fig. 3, available at
www.jneurosci.org as supplemental material) and does not bind
to laminin B2. The peptide corresponding to the 11th extracellu-
lar loop of Ca, 2.1 effectively rescued the inhibition by the lami-
nin B2 LRE fragment with 50 = 6% neurons extending processes
(Fig. 3D, F). The control peptide did not rescue the inhibition by
laminin B2 LRE (31 * 3%) (Fig. 3E,F). Thus, the laminin 32
LRE inhibition is specific. Laminin 82 LRE has no effect on sur-
vival of neurons in culture, as indicated by the lack of significant
differences in number of neurons per culture across conditions
(data not shown).

To test whether laminin 82 inhibition of spinal neurite out-
growth is calcium-dependent, we incubated cultures grown on
laminin B2 LRE in calcium-free medium or with 5 um
w-conotoxin GVIA in standard 2 mM calcium medium. Both
conditions relieve inhibition by laminin 82 LRE (45 = 4% and
47 * 5%, respectively) (Fig. 4) indicating that the stop signal
relies on calcium influx through Cay2.2. Incubating cultures
grown on laminin-111 alone in calcium-free medium does not
affect the number of neurons extending processes (44 * 6%),
indicating a specific recovery of inhibition in the absence of cal-
cium rather than a nonspecific effect of growing cultures in
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calcium-free medium. In addition to demonstrating the calcium
dependence of laminin (2 inhibition, these results reinforce the
role of Cay2.2 in laminin B2 inhibition of neurite outgrowth,
because w-conotoxin GVIA blocks Ca, 2.2 (Takahashi and Mo-
miyama, 1993).

Whereas the laminin 82 LRE fragment inhibits the number of
neurons that initiate processes, those neurites that have extended
a process on laminin 32 are similar in length to control (supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material) (Porter et al., 1995). We then determined whether neu-
rites initially grown on a control substrate stall or stop when their
growth cones encounter laminin 32. We generated 184-um-wide
stripes of native and 90-pum-wide stripes of UV-denatured lami-
nin B2 LRE or QRE (Porter et al., 1995), plated neurons on them,
and analyzed the behavior of growth cones migrating from dena-
tured onto native laminin (32. We imaged intracellular calcium
with Fluo-4 AM to assess calcium dynamics as growth cones
palpate the border. Growth cones stalled at the LRE border gen-
erated calcium transients 10—-70% above baseline fluorescence
that were 1 s to 2 min in duration at half maximal amplitude and
correlated with the contact of the border by one or more filopodia
(Fig. 5A) (n = 9 of 9 growth cones at the border). These transients
were observed at a significantly lower frequency at the QRE bor-
der (Fig. 5B) (n = 2 of 6 growth cones at the border; p < 0.05,
Fisher’s exact test). The calcium transients associated with LRE
contact are distinct from the other classes of calcium transients
described for these growth cones (Gu and Spitzer, 1995; Gomez et
al., 2001; Conklin et al., 2005). Fifty-seven percent of growth
cones stopped or turned back at the LRE border, whereas only 9%
of growth cones stopped or turned at the QRE border (Fig. 5D)
(p < 0.0001; n >80 growth cones; Fisher’s exact test).

Ca,2.2-laminin 32 interactions in vivo

To examine the role that Ca,,2.2-laminin 82 interactions have in
the skin in vivo, we first blocked signaling through Ca,2.2 by
implanting an agarose bead releasing w-conotoxin GVIA into the
developing embryo from the time of neural tube formation until
a late larval stage (stages 16—35) when sensory terminals have
been formed. This method is effective in delivering drugs that
block early neuronal activity (Borodinsky et al., 2004). Using
beads with fluorescently labeled w-conotoxin, we found efficient
diffusion at least 200 um from the bead. Whole embryos were
stained with HNK-1 to reveal spinal sensory neurites traversing
the skin and sensory nerve terminal clusters innervating the skin.
Rohon-Beard sensory axons initially run along the inner surface
of the skin, continue for an undetermined length between the two
layers of skin cells and form sensory varicosities in pits in the
lateral or basal plasma membrane between superficial skin cells
(Roberts and Hayes, 1977). The majority of these varicosities
occur in clusters in an en passant manner, but some are located at
nerve endings. The most heavily innervated skin cell type is the
intercalating nonciliated cell (conical cell) (Somasekhar and
Nordlander, 1997). Almost all nerve terminal clusters that we
observe appear to form en passant as described previously by
electron microscopy (Roberts and Hayes, 1977). Blocking signal-
ing through Ca,2.2 leads to a significant increase in numbers of
sensory nerve terminal clusters in the skin (39 * 8 clusters per
450 X 350 wm? area) compared with embryos in which a vehicle
bead (18 = 6) or no bead (19 * 3) was implanted (Fig. 6).

To ask whether the effect of Cay2.2 on sensory terminals was
mediated by its interaction with laminin (32, we implanted beads
that release the peptide corresponding to the eleventh extracellu-
lar loop of rat Ca, 2.1, which blocks this interaction. These beads
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Figure3. Laminin 32 specifically inhibits spinal neurite outgrowth. Xenopus neurons from stage 17 embryos were cultured on the following substrates and analyzed at 1418 hin vitro: A,
laminin (LM) witha 31 but nota 32 chain; B, a solublized 20 kDa LRE containing C-terminal fragment of laminin 82; C, a point-mutated (LRE—> QRE) laminin 32 fragment. Neurons identified
by immunostaining for neuron-specific B-tubulin extended significantly fewer processes on substrates containing the LRE fragment compared with QRE or nonlaminin 32 substrates. Scale bar,
50 wwm. D, Incubating neurons cultured on laminin plus the (32 LRE fragment with a competing peptide corresponding to the 11th extracellular LRE-binding loop of rat Ca2.1(91% homologous
to Xenapus Ca,2.2) rescued neurite extension. E, Incubation with a control peptide corresponding to the 11th extracellular loop of rat Ca, 1.2 (61% homologous to Xenopus Ca,2.2) did not
preventinhibition by laminin 82 LRE. F, Laminin 32 LRE significantly reduces the number of neurons extending processes in vitro. This effect is rescued by incubation with the competing Ca, 2.1
loop peptide (**p < 0.01, *p < 0.05, comparison to LM control; n = 300 neurons from =6 cultures). Error bars indicate SEM.
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Figure4. Laminin (LM) B2 inhibition is calcium dependent. Stage 16 dissociated neural tubes were cultured and neurons identified by staining for B-tubulin. A, B, Neurite outgrowth on LM is
inhibited by addition of the laminin 32 fragment (LRE). Scale bar, 50 wm. €, D, Incubating neurons cultured on LM plus the 82 LRE fragment in 5 m w-conotoxin or in calcium-free medium
prevents inhibition of neurite outgrowth indicating calcium dependence of LRE inhibition. E, Incubating neurons grown on LM alone in calcium-free medium does not lead to increases in neurite
extension. F, Neurite extension on LRE is rescued by preventing calcium influx through Ca2.2 (n = 250 neurons from =7 embryos; *p << 0.05). Error bars indicate SEM.

resulted in significantly increased numbers of sensory nerve ter-  bling of the numbers of sensory nerve terminals in the skin, the
minal clusters compared with embryos exposed to the control  absolute density varied in the two cases, possibly because the
Cay1.2 loop peptide (67 = 10 vs 36 = 6, respectively) (Fig. 7).  former were implanted during the summer and the latter during
Although both w-conotoxin and Ca, 2.1 loop-beadsled to adou-  the winter; seasonal variation in amphibian development has
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w-conotoxin GVIA, a specific inhibitor of
Cay2.2, blocks laminin 32-mediated inhi-
bition. These results indicate that laminin
32 acts via Ca,,2.2 to inhibit neurite out-
growth. Furthermore, growing neurons on
stripes of native and denatured laminin 32
LRE demonstrates that neurites already
growing on a denatured laminin 32 sub-
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Figure 5.

border than a QRE border (*p << 0.001).

been described previously (Wernig et al., 1980; O’Dowd et al.,
1988).

Discussion

Ca, 2.2 is expressed in the growth cones of sensory Rohon-Beard
neurons as they grow under skin cells, some of which express
laminin B2. Either blocking Cay2.2 with w-conotoxin GVIA or
blocking Ca,2.2-laminin (32 interactions with the Ca,2.1 11th
extracellular loop leads to generation of greater numbers of sen-
sory terminals, potentially via more en passant varicosities,
greater numbers of neurites, longer neurites, or less restricted
branching. These results support a model in which neurite
growth and subsequent innervation are normally restricted by a
calcium-dependent stop signal generated by laminin 32—Ca2.2
interactions (Fig. 8).

Specificity of laminin 32-Ca, 2.2 inhibition of

neurite outgrowth

Previous studies have demonstrated that laminin 2 binds di-
rectly to Ca, 2.2 via the 11th extracellular loop of Ca,2.2 and the
LRE motif of laminin B2 (Sunderland et al., 2000; Nishimune et
al., 2004). We present three lines of evidence indicating that these
specific interactions mediate the inhibition of spinal neuron out-
growth. First, inhibition is observed when neurons are grown on
a laminin B2 fragment containing the LRE motif, but not one
containing the point mutated QRE. Second, inhibition is rescued
when cultures are incubated with the competing peptide corre-
sponding to the eleventh extracellular loop of Cay2.2. Finally,

Neurons at a border of laminin 32 generate calcium transients and stall. A, Neurons were cultured on stripes of
native and UV-denatured laminin 32 LRE fragment and internal calcium concentrations were imaged using Fluo-4. Images were
captured at 2 Hz. Fluo-4isin green, denatured laminin 32 isin red, and native laminin 32is in black. Three images were averaged
to enhance visualization of the neuron. Traces show the calcium activity in each of three growth cones as they encounter the
border. Axis scales apply throughout the figure. B, C, Less calcium transient activity is seen when a neuron approaches (B) or has
crossed onto (C) activated point mutated laminin 32 (LRE— QRE). D, Significantly more neurons stop or turn back at an LRE

strate are inhibited by initial contact with
an active laminin 32 substrate. This initial
contact appears to be signaled through the
growth cone by a calcium transient.

Calcium dependence of laminin 32—
Cay2.2 inhibition of neurite outgrowth
Inhibition of neurite outgrowth by laminin
B2 is blocked by incubating cultures in
calcium-free medium or w-conotoxin
GVIA, demonstrating calcium depen-
dence. Additionally Fluo-4 calcium imag-
ing of neurons approaching a laminin 32
border reveals calcium transients on
growth cone contact with laminin 2. The
reliance of laminin B2—Cay2.2 inhibition
on calcium influx distinguishes this effect
from the role that laminin 2 plays in clus-
tering presynaptic calcium channels and
other active zone proteins in the presynap-
tic nerve terminal, a calcium-independent
effect (Nishimune et al., 2004). The cal-
cium dependence of laminin B2-Ca,2.2
neurite inhibition raises the intriguing pos-
sibility that laminin 32 may activate Ca, 2.2
or Cay2.1, the other presynaptic calcium
channel to which it binds. However, chan-
nel properties of Ca, 2.1 heterologously ex-
pressed in human embryonic kidney (HEK) cells are not changed
by presentation of the laminin 82 LRE fragment (Nishimune et
al., 2004). There are several mechanisms by which laminin $2
may produce a change in the calcium signal through Ca, 2.2 that
would affect neurite outgrowth but that would be undetected in
recordings from HEK cells. First, Ca, 2.2 and Ca, 2.1 may require
an additional molecule not present in HEK cells to be activated by
laminin 32. Second, laminin 32 may serve to cluster Ca,2.2 to a
microdomain in growth cones at which it can effectively trans-
duce a calcium signal. Indeed, laminin 32 clusters Cay 2.1 at the
mammalian neuromuscular junction (Nishimune et al., 2004).
Similar changes in distribution of Cay;2.2 in HEK cells might not
lead to changes in the current recorded. Third, the involvement
of Ca, 2.2 in generating a stop signal may rely on the mechano-
sensitivity of this channel (Calabrese et al., 2002). The interaction
of the moving growth cone expressing Ca, 2.2 channels with the
static LRE motif of laminin 32 may constitute an adequate stim-
ulus for channel activation that is absent from Cay 2.1 expressed
in nonmotile HEK cells. Indeed, calcium influx through other
mechanosensitive channels within the growth cone inhibits neu-
rite outgrowth (Jacques-Fricke et al., 2006).

I Stop
—ICross

QRE

Regulation of sensory innervation by laminin

B2—Ca,2.2 interactions

Laminin 32 functions in synapse formation at neuromuscular
junctions (Hunter et al., 1989; Noakes et al., 1995a; Porter et al.,
1995; Nishimune et al., 2004) in glomerular filtration in the kid-
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Figure6. Blocking signaling through Ca, 2.2 in vivoleads to increased innervation of the skin. A, Agarose beads soaked in 10 pum w-conotoxin (ctx) were implanted in stage 16 embryos. After 1d,
stage 34 embryos were fixed and stained with anti-HNK-1 to reveal sensory processes and sensory nerve terminals innervating the skin. A 450 X 350 um area centered around the bead was imaged
and analyzed (box). B—D, Deconvolved and projected z-series through the skin of embryos in which no bead (B), a control bead (C), or an w-conotoxin bead (D) were implanted. Scale bar, 50 pm.
E, Enlarged image of the boxed region in D showing three sensory nerve terminal clusters, circles. Scale bar, 10 em. F, Embryos exposed to «w-conotoxin exhibited significantly greater numbers of
sensory nerve terminal clusters compared with embryos implanted with a vehicle bead or no bead (*p << 0.05). Error bars indicate SEM.

ney (Noakes et al., 1995b), and in cell fate
determination in the retina (Hunter et al.,
1992a; Zenker et al., 2004). Here, we de-
scribe the expression of laminin 2 in the
skin and its role in regulating sensory in-
nervation. This expression is consistent
with evidence for expression of human
laminin 82 in embryonic dermis and epi-
dermis (Ilivanainen et al., 1995). Indeed,
incorporating a mixture of laminins, in-
cluding the laminin B2 chain, into skin
grafts improves sensory perception
achieved during regeneration (Caissie et
al., 2006).

Growth of sensory neurites is mediated
by neurotrophic factors such as NT-4
(Krimm et al., 2006) and guidance molecules
such as ephrins (Moss et al., 2005). Branch-
ing and tiled patterning of sensory neurites
relies on the NDR (nuclear Dbf2-related) ki-
nase family in both like-repels-like tiling
(Emoto et al, 2006) and noncontact-
mediated distribution (Gallegos and Barg-
mann, 2004). We have identified a role for
calcium signaling elicited by an extracellular
matrix molecule in sensory neurite innerva-
tion. The activation of NDR kinases is
calcium-dependent, providing a potential
mechanism by which calcium influx through
Cay 2.2 may lead to changes in sensory inner-
vation (Millward et al., 1998).

«No bead Cay1:2 loop/bead

O

# Sensory nerve terminal
clusters/ 450 ym x 350 um area

Figure 7.  Blocking Ca,2.2—-laminin (32 interactions in vivo leads to increased innervation of the skin. A-C, Agarose beads
soakedin 10 um Cay 2.1 or Ca, 1.2 11th extracellular loop peptide were implanted in stage 16 embryos. After 1d, stage 34 embryos
were fixed and stained with anti-HNK-1 to reveal sensory processes and sensory nerve terminals innervating the skin as in Figure
6. Scale bar, 50 pum. D, Embryos exposed to Ca,2.1 loop peptide (C) exhibited significantly greater numbers of sensory nerve
terminals than embryos exposed to Ca, 1.2 loop peptide (B) (*p << 0.05; n = 3 embryos for each condition). Error bars indicate
SEM.
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channel transcripts during embryonic develop-
ment. ] Neurosci 16:1412-1421.
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Classes of stop signals

Laminin 82 has been described as a stop signal for motor neurite
outgrowth (Porter et al., 1995). A stop signal may function to
indicate that neurites have reached their targets where they are to
form synapses or terminal endings (Becker et al., 2000; Poskanzer
et al., 2003; Dimitropoulou and Bixby, 2005). Alternatively, a
stop signal may inhibit a neuron from growing into nontarget
regions (Manzini et al., 2006). Our results are consistent with the
latter function because inhibiting the signal through Ca,;2.2 leads
to increased numbers of sensory nerve terminals. Behaviorally,
this may lead to hypersensitivity to light touch and/or mislocal-
ization of sensory signals. Pierson syndrome, a rare human dis-
order caused by mutations to the LAMB2 gene that encodes lami-
nin B2, has been characterized by kidney failure, blindness,
muscle dystonia, microcephaly, and neurological disorders (Ze-
nker et al., 2004; Wubhl et al., 2007). It is likely that these infants
would also have abnormalities in somatosensation.

Ziconotide, an inhibitor of Ca,2.2 derived from conus snail
venom, has recently begun to be used for pain treatment, deliv-
ered intrathecally (Lynch et al., 2006). Although the amount of
this drug present in general circulation is quite low, with 56% of
patients having <0.15 nM plasma levels, the IC;, for its inhibition
of Ca,2.2 heterologously expressed in Xenopus oocytes is 0.45 nm
(Luchian, 2001). The role that we have demonstrated for Cay,2.2
in axon guidance and sensory innervation during development
suggests that the use of Ziconotide in breast feeding or pregnant
women is ill advised. Laminin 32 is also expressed centrally in the
mammalian developing cortex in the subplate (Hunter et al.,
1992b), a transient population of neurons that is crucial to estab-
lishment of thalamocortical connections and maturation of inhi-
bition (Kanold and Shatz, 2006). Ziconotide could disrupt nor-
mal innervation here as well.
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