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Abstract

In addition to its role as a morphogen, Sonic hedgehog (Shh) has also been shown to function as a
guidance factor that directly acts on the growth cones of various types of axons. However, the
noncanonical signaling pathways that mediate the guidance effects of Shh protein remain poorly
understood. We demonstrate that a novel signaling pathway consisting of protein kinase Ca
(PKCa) and integrin-linked kinase (ILK) mediates the negative guidance effects of high
concentration of Shh on retinal ganglion cell (RGC) axons. Shh rapidly increased Ca%* level and
activated PKCa and ILK in the growth cones of RGC axons. By in vitro kinase assay, PKCa was
found to directly phosphorylate ILK on threonine-173 and -181. Inhibition of PKCa or expression
of a mutant ILK with the PKCa phosphorylation sites mutated (ILK-DM), abolished the Shh-
induced macropinocytosis, growth cone collapse and repulsive axon turning. In vivo, expression
of a dominant negative PKCa or ILK-DM disrupted RGC axon pathfinding at the optic chiasm
but not the projection toward the optic disc, supporting that this signaling pathway plays a specific
role in Shh-mediated negative guidance effects.
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INTRODUCTION

Sonic hedgehog (Shh), a well characterized morphogen, has recently been shown to act as a
guidance factor to direct axonal projection. Shh signaling plays important roles in the
pathfinding of commissural axons towards the floor plate, along the longitudinal axis of the
spinal cord, and in the guidance of retinal ganglion cell (RGC) axons toward the optic disc
and at the optic chiasm (Bourikas et al., 2005; Charron et al., 2003; Fabre et al., 2010;
Kolpak et al., 2005; Sanchez-Camacho and Bovolenta, 2008; Trousse et al., 2001). We
previously demonstrated that Shh plays a dual role in chick RGC axon growth and guidance,
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acting as a positive factor at lower concentrations and as a negative factor at higher
concentrations in vitro (Kolpak et al., 2005; Kolpak et al., 2009). Shh can act directly on the
growth cones in a transcription-independent manner, causing growth cone collapse and
repulsive axon turning of chick RGCs through Rho GTPase (Kolpak et al., 2009), and
inducing attractive axon turning of rat commissural neurons through the Src family kinase
(Yam et al., 2009).

Protein kinase C (PKC) is a family of serine/threonine kinases that are classified into
conventional PKCs (a, Bl, Bll, y), novel PKCs (8, &, 1, ©) and atypical PKCs (C, A.), based
on their second messenger requirements (Steinberg, 2008). Conventional PKCs require Ca2*
and diacylglycerols (DAG) for their activation, while novel PKCs require DAG only and
atypical PKCs require neither. PKC8 was shown to be involved in the Shh canonical
signaling cascade, required for the transcriptional regulation of Gli and Patched-1 (Riobo et
al., 2006). Activation of conventional and novel PKCs by phorbol myristate acetate (PMA)
elicits both repulsive axon turning of Xengpus spinal neurons and chick RGCs (Kolpak et
al., 2009; Xiang et al., 2002) and acute growth cone collapse of ganglia of Helisoma (Zhou
et al., 2001). However, since PMA activates multiple PKC isoforms, the roles of specific
PKC isoforms and their substrates in axon guidance are not completely understood.

Integrin-linked kinase (ILK), first identified in a yeast-two-hybrid screen as a direct binding
protein to the cytoplasmic tail of B1 integrin, has been implicated in cancer cell growth and
survival through modulation of downstream targets (Hannigan et al., 2005). By binding to
PINCH, parvin and other proteins, ILK functions as an “adaptor” to provide a platform for
coupling cell adhesion and growth factor signaling. In neurons, expression of dominant-
negative constructs of ILK (E359K or S343A) inhibits neurite outgrowth (Ishii et al., 2001;
Mills et al., 2003a) and neuronal polarity determination (Guo et al., 2007). However, the
role of ILK in axon guidance has not been reported.

Here, we demonstrate that a novel signaling pathway composed of PKCa and ILK mediates
the negative effects of a high concentration of Shh on chick RGC axons. Shh rapidly
increased Ca2* level, activated PKCa, leading to phosphorylation of ILK in the growth
cones of RGC axons. Disruption of PKCa and ILK signaling pathway abolished the
negative guidance effects of Shh on RGC axons and resulted in aberrant RGC axon
pathfinding at the optic chiasm in vivo, demonstrating a critical role of this pathway in Shh-
mediated axon guidance.

MATERIALS AND METHODS

Reagents and constructs

G066976, PKCg inhibitor and Rottlerin were purchased from EMD chemicals. Anti-PKCa,
Bl, §, C, p and anti-Phospho-PKCa (Ser657) antibodies were obtained from Santa Cruz
Biotechnology. Anti-Phospho-PKC (pan) and anti-Phospho-ILK (Thr173) were purchased
from Cell Signaling and Abgent, respectively. Anti-phospho-integrin p1 (T788/789) and
anti-phospho-PKCpI (Thré42) antibodies were from Invitrogen. Dominant-negative PKCa
(Soh and Weinstein, 2003) and RCASBP-Y DV constructs were provided by Dr. B.
Weinstein and Dr. W. Pavan through Addgene. Human Slit2 and pGEX-ILK-WT are gifts
from Dr. Yi. Rao, Jane Wu (Northwestern Univ.) and Prof. Chuanyue Wu (Univ. of
Pittsburgh), respectively. Mutations of ILK were generated by site-directed mutagenesis
using QuikChange kit (Stratagene). To generate RCAS constructs, full length DN-PKCa
and ILK-Double Mutants (ILK-DM) were first cloned in-frame into entry vector pPENTR1A-
GFP-N2 (a generous gift from Drs. E. Campeau and P. Kaufman, UMass. Med. Sch.)
(Campeau et al., 2009), then a Gateway Cloning system (Invitrogen) was used to recombine
target sequences into the retroviral vector RCASBP-Y DV. All constructs were verified by
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DNA sequencing. RCAS virus was prepared by transfection of a chicken fibroblast line,
DF1, and concentrated by ultracentrifugation as described before (Chau et al., 2006).

RGC axon culture and time-lapse experiments

Fertilized White Leghorn eggs (Charles River Laboratories) were incubated in a moisturized
38°C incubator. Axon cultures were prepared as described previously (Kolpak et al., 2009).
To prepare RCAS-virus infected RGC axon culture, RCAS viruses were microinjected into
optic vesicles at E1.5 and then the embryos were returned to incubator until E6 or E7.

Time-lapse experiments were performed on a Carl Zeiss Axiovert 200 microscope equipped
with a 37°C heated stage. Time-lapse images were recorded for 30 minutes at 1-minute
intervals. To study the effect of PKC on Shh-induced growth cone collapse, cultures were
pre-incubated with 100 nM G06976 (EMD Biosciences) or 50 nM PKCg inhibitor for 30
minutes before adding vehicle, Shh (recombinant Shh-N, R&D system) or Slit2-conditioned
supernatant. The Slit2-conditioned supernatant was prepared by transfection of human
embryonic kidney HEK 293T cells with an expression construct encoding the human Slit2.
Supernatant was used straight without dilution (Kolpak et al., 2009). Growth cone collapse
was scored by a loss of lamellipodia and decrease of filopodia number to three or less per
growth cone.

Cell fractionation and immunoblotting

Dissected E6 retinas were incubated in media for 15 minutes and then treated with either
vehicle or 3.0 pg/ml Shh for the time indicated. After washing twice with ice-cold PBS,
retinal lysates were prepared in Buffer A (20 mM Tris-HCI, pH 7.5, 0.25 M sucrose, 2 mM
EGTA, 2 mM EDTA, protease and phosphotase inhibitor cocktails) by first passing through
a needle and then sonicating. The lysates were centrifuged at 100,000 g for 1 hour and the
supernatant was designated as cytosolic fraction. The pellet was re-suspended with buffer A
containing 1% TritonX-100 on ice for 30 min. Following centrifugation as before, the
supernatant was collected as detergent-soluble fraction. The pellet was dissolved with buffer
A containing 1% SDS and designated as detergent-insoluble fraction. Protein concentration
was determined by Bio-Rad detergent compatible protein assay. Equal amounts of protein
were loaded onto the SDS-PAGE gel and standard western blot protocol was followed.

For analysis of PKC isoform phosphorylation, E6 chick retinas were harvested and treated
with vehicle (0.1% BSA) or Shh (3.0pg/ml) for 5 min. Retinas were washed with ice-cold
PBS and lysed with RIPA buffer followed by brief sonication. Then the lysates were
subjected to western blot analysis with antibodies against phosphorylated PKCa, PKCBI or
integrin 1. In some experiments, retinas were pre-incubated with G66976 (100 nM) or
PKCg inhibitor (50 nM) for 90 min before Shh treatment.

Protein purification and in vitro phosphorylation

E.coli strain BL21 (DE3) was used for expression of the glutathione S-transferase (GST)
fusion proteins of ILK-WT and mutants. GST fusion proteins were purified by glutathione-
agarose beads (Sigma) according to the manufacturer’s instruction. For in vitro
phosphorylation assay, purified recombinant PKCa (0.1pg) (Millipore) and ILK (0.4.9)
were mixed in 20 pl of the reaction mixture (20 mM HEPES, pH 7.4, 10 mM MgCly, 1 mM
CaCly, 2.5 pM ATP, 0.125pg/ml phosphatidylserine, 200 nM PMA). After addition of
0.75pl of [y-32P] ATP (10mCi/ml) (Perkin Elmer), the reaction mixture was incubated for
30 min at 30°C. Samples were analyzed on SDS-PAGE and then developed by
Phosphoimager.
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Dil labeling and immunofluorescent staining

RCAS viral stocks were microinjected into optic vesicles at E1.5 as described previously
(Jin et al., 2003) and the embryos were returned to the incubator until E7. At E7, the lens
and vitreous body of the right eyes were removed and a small amount of Dil (Img/ml) was
injected into the optic disc with a fine glass micropipette. The embryos were then fixed with
4% paraformaldehyde at 37°C for 2 to 3 weeks. After that, the embryos were imbedded in
3% agarose and sectioned at 150 um on a vibratome. Sections were mounted on coverslips
and examined on a Nikon Eclipse E600 microscope or Leica TBS SP2 confocal microscope.

Immunocytochemistry staining was carried out similarly as described previously (Kolpak et
al., 2009). The background staining of the antibodies was determined by omitting the
primary antibodies. Fluorescent images were acquired using a 63x objective on a Zeiss
Axiovert 200 microscope. To quantify the specific fluorescent signal change in the growth
cones and minimize the nonspecific effect due to growth cone size change, we analyzed total
amount of fluorescence in the growth cone instead of fluorescence intensity. Concentration
of fluorescent signal as a result of a decrease of growth cone size would affect fluorescence
intensity but not the total fluorescence amount in the growth cone. Axons were randomly
chosen throughout the coverslips and images were taken with a fixed exposure time (below
saturation and with minimal background signal) for all samples. For each sample, axons
(~40) were manually traced of their outlines within 20 pm from the tips of growth cones
including the growth cones and distal segments of axons. Total amount of fluorescence
within the outline was then quantified by measuring integrated density in each growth cone
by ImageJ.

Axon turning assay, dextran internalization and calcium imaging

RESULTS

Dextran uptake, axon turning assay and data analyses were carried out similarly as in our
previous study (Kolpak et al., 2009). For dextran internalization, RCAS-virus infected
retinas were dissected at E6 or E7 and cultured overnight. The cultures were treated with
2.5mg/ml 10K tetramethylrhodamine dextran (Invitrogen) with 3.0 wg/ml Shh or vehicle for
2 mins at 37°C, washed, and then fixed in 4% paraformaldehyde. GFP-positive axons were
photographed and analyzed.

To study the effect of PKC on Shh-induced axonal turning, RGC cultures were pre-
incubated with 5nM G66976 (only inhibiting PKCa) (Martiny-Baron et al., 1993) for 1 hour
or 50 nM PKCg inhibitor for 30 minutes prior to the turning assays. For the experiments
with the DN-PKCa and ILK-DM-expressing axons, RCAS-viruses infected RGC cultures
were prepared as above and turning assay was performed on GFP-positive axons.

For calcium imaging, RGC cultures were loaded with 5 pM Fluo-3 AM (Invitrogen) for 30
minutes, rinsed with media prior to imaging. Imaging was initiated 20 seconds before the
pulsing of picospritzer delivering vehicle or Shh protein, with a similar setup as used in the
turning assay above. Images were acquired at 1 frame/s with excitation wavelength at 488
nm. In some experiments, 5 .M cyclopamine (Toronto Research Chemicals) was added to
the media 30 minutes before application of Shh.

Shh rapidly activates PKCa in the RGC growth cones

As we and others previously showed (Kolpak et al., 2009; Trousse et al., 2001), minutes
after the addition of Shh (2.5-3.0 pg/ml) into the culture media, chick RGC axons exhibited
rapid growth cone collapse (67.0+2.3 % of total axons collapsed); a loss of lamellipodia and
retrieval of filapodia occurred, followed by axon retraction (Fig. 1A). As several PKC
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isotypes (e.g. a, B, 8, €) have been shown to be expressed in RGC axons in mice and chick
(Wong et al., 2004; Wu et al., 2003), specific inhibitors of PKC signaling were tested of
their ability to inhibit the effect of Shh. Some of them, e.g. a PKCS inhibitor Rottlerin,
caused rapid growth cone collapse by themselves at the recommended concentrations,
precluding their use in the study of Shh signaling (data not shown). G66976, a specific
inhibitor of PKCa and B1 at 100 nM (Martiny-Baron et al., 1993), and a PKCp-specific
inhibitor (Lin et al., 2011; Tanaka et al., 2004), did not have any significant effect on RGC
axons when added alone (Fig. 18). However, pretreatment of the RGC culture with G66976
abolished the effect of Shh on RGC axons. Growth cones did not collapse after addition of
Shh (10.8+2.7 % of growth cones collapsed) (Fig. 15), rather remained dynamic with motile
lamellipodia and filopodia, and no significant axon retraction was observed. In contrast, the
PKCB-specific inhibitor did not block the Shh-induced growth cone collapse or axon
retraction (Fig. 1B). Another negative factor Slit2 also caused growth cone collapse in the
chick RGC axons (Kolpak et al., 2009), but preincubation of G66976 was ineffective in
inhibiting Slit2-induced growth cone collapse (Supplementary Fig.1). These data suggest
that PKCa may play a specific role in RGC growth cone collapse in response to Shh.

One of the hallmarks of activation of various PKC isoforms is the translocation of PKC
protein from the cytosol to specialized cellular compartments (Dempsey et al., 2000; Rosse
et al., 2010; Shirai and Saito, 2002). To examine the effect of Shh on PKC protein
translocation, E6 chick retinas were dissected and incubated with Shh for 5 and 15 min.
Retinal cells were then lysed and subjected to ultracentrifugation to separate the cytosolic
proteins from the pellets. The pellets were subsequently extracted with TritonX-100 to
further fractionate into TritonX-100 soluble membrane fraction and insoluble fraction which
includes the cytoskeletons and likely TritonX-100-insoluble lipid rafts. Equal amount of
total proteins in the fractions were run on SDS-PAGE and blotted with antibodies
recognizing PKC isoforms including anti-PKCa, Bl, 6, G or . Five minutes of Shh
treatment lead to a significant increase in the amount of PKCa in the TritonX-100 soluble
and TritonX-100 insoluble fractions (average 1.8 and 6.2 folds, respectively) (Fig. 2A4,B).
The translocation of other PKCs was not significant except for PKCu which showed ~1.6
fold increase in the TritonX-100-insoluble fraction (Fig. 258). The amount of PKC6 was
detectable in cytosolic factions but too low to be detected in the non-cytosolic fractions. A
corresponding decrease of each isotype in cytosolic fractions was not observed, possibly due
to the presence of large amount of PKC protein isoforms in the cytosol. To examine whether
Shh increased PKCa phosphorylation, another hallmark of PKC activation, E6 chick retinas
were incubated with vehicle or Shh for 5 min, and the lysates were subjected to western blot
analysis with antibodies against phospho-PKCa (Ser657) or phospho-PKCpI (Thr642). Shh
treatment markedly increased the phosphoryation level of PKCa., but not that of PKCpI. It
has been shown before that the phosphorylation of Ser657on PKCa can be inhibited by
G06976 (Ginnan et al., 2004). Pre-treatment of the retinas with G66976 decreased phospho-
PKCa (Ser657) level in response to Shh, while the PKCg inhibitor appeared to have no
effect (Fig. 2C, C.

At EB6, the newly differentiated RGCs and their elongating axons are exposed at the ganglion
side of the retina whereas the undifferentiated cells are exposed at the ventricular side (Bao,
2008; Prada et al., 1991). We were not able to purify the RGCs, because the antibody
recognizing the chicken Thy-1 required for the panning procedure for purification of RGCs
is not available to us. To confirm that PKCa activation occurred in the RGC axon in
response to Shh, we performed immunofluorescent staining with an antibody specific for
phospho-PKCa(Ser657). While many axons in the control samples appeared negative for
the staining, Shh treatment appeared to increase the number of axons containing the
fluorescdent puncta positive for the anti-phospho-PKCa (Ser657) antibody staining.
Although the fluorescent puncta were not restricted inside the growth cones, they appeared
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to be more concentrated in the growth cones, suggesting that the initial PKCa activation
probably occurred inside the growth cones. For quantification of the results, total amount of
fluorescence rather than fluorescence intensity within the growth cone and distal axonal
shaft was analyzed, to minimize the effect of concentration of fluorescence due to growth
cone size reduction associated with collapse (see Methods). Compared to the vehicle
control, 2 min treatment of Shh significantly increased the level of phospho-PKCa (Ser657)
in the RGC axons (Fig. 2D, E). Pretreatment of the RGC culture with G66976 at a low
concentration of 5 nM, which reportedly inhibits PKCa only (Martiny-Baron et al., 1993),
abolished the increase of phospho-PKCa (Ser657) in the RGC axons by Shh (Fig. 2D, E),
while the PKCg inhibitor appeared to have no effect. Similar results were obtained by using
an anti-phospho-PKC (pan) antibody that recognizes PKCa, BI, BlI, 6, e, ) and 6 isoforms
when phosphorylated on residues homologous to Ser657 of PKCa (Supplementary Fig. 2).
The fact that we observed similar increase in the level of phospho-PKCa versus phsopho-
PKC (pan) in response to Shh and the increase was abolished by pre-incubation with
G066976 in both cases, suggests that PKCa is the main PKC isoform that is activated by Shh
in the RGC axon.

Binding of Ca?* to the N-terminal C2 domain is required for the activation of conventional
PKCs (Steinberg, 2008). We therefore performed Ca?* imaging using the cell-permeable
Ca?* indicator Fluo-3 AM. Shh or vehicle control was pulse-applied from a fine glass
micropipette positioned at ~150 wm from the growth cone and at 45° angle to the direction
of axon extension. Unlike the vehicle control (n=7), Shh rapidly increased Ca?* level in the
growth cones (Fig. 2Fand G, p<0.05). The magnitude of Ca2* increase [A F/F=(FFp)/Fl
by Shh ranged from ~25% to ~50% and the duration of the increase lasted from 50 seconds
to a few minutes (n=7). Pretreatment with cyclopamine, a specific inhibitor of Shh signaling
pathway, abolished the Ca2* increase induced by Shh in the growth cones (n=6). These
results demonstrate that Shh rapidly induces Ca2* elevation in the RGC growth cones.

PKCa directly phosphorylates the integrin-linked kinase (ILK)

We next searched for proteins that act as downstream effectors of PKCa to mediate the
effects of Shh in RGC axon guidance. The NetworKin algorithm predicts that PKCa may
directly phosphorylate integrin-linked kinase (ILK) at threonine 173 (Linding et al., 2007).
As ILK has been shown to be expressed in the neurites of hippocampal neurons, dorsal root
ganglion and PC12 cells (Guo et al., 2007; Mills et al., 2003b), we tested the possibility that
ILK was downstream of Shh-PKCa by staining the RGC axons with an antibody
specifically recognizing ILK that is phosphorylated at threonine 173 (ILK-T173) (Fig 3A
and Supplementary Fig. 3). Compared to vehicle control, 2 min treatment of Shh
significantly increased the level of phosphorylated ILK-T173 in the RGC axons, which was
inhibited by pretreatment of RGC culture with G66976 prior to Shh addition (Fig.35). These
data suggest that Shh increased phosphorylation of T173 on ILK through PKCa activation.

Recombinant wild type ILK protein (ILK-WT), as well as a mutant ILK protein with
threonine 173 replaced by alanine (ILK-T173A) were produced. In vitro kinase assay was
carried out by incubation of purified recombinant PKCa with the ILK proteins without
addition of any cellular extracts. As shown in Figure 3C, high level of phosphorylation was
observed in ILK-WT and the phosphorylation level was decreased to ~50% in ILK-T173A
mutant, suggesting that PKCa can directly phosphorylate ILK on T173 and on an additional
unidentified site. A 3-D protein model of ILK was built by using Geno3D and AS2TS
softwares and the potential ILK phosphorylation sites were mapped onto the 3-D model.
Sites located on the surface of the protein and in close proximity to the T173 were selected
for mutagenesis. Six additional sites (T172, T181, S186, S246, T310 and T332) were
mutagenized to alanine in the ILK-T173A constructs to generate double mutants. As shown
in Figure 3D, ILK double mutant T173A/T181A (ILK-DM) appeared not phosphorylated by
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PKCa in the in vitro phosphorylation assay, while other double mutants exhibited
phosphorylation level similar to that of single mutant (ILK-T173A). Although mixed results
were reported whether ILK can be auto-phosphorylated (Acconcia et al., 2007; Hannigan et
al., 1996; Wickstrom et al., 2010), auto-phosphorylation of ILK was not detected in our
assays (Fig. 30).

ILK has been implicated in phosphorylation of B1 integrin cytoplasmic domain at threonine
788 and 789 (Hannigan et al., 2005; Hannigan et al., 1996), although direct evidence is still
lacking. Since B1 integrin has been shown to be important for chemorepulsion of growth
cones by MAG (Hines et al., 2010), we examined whether Shh increased the
phosphorylation of T788/T789 on B1 integrin. Both immunofluorescent staining on RGC
axons and western blot analysis using whole retina showed that phosphoryation level of p1
integrin at T788/T789 appeared un-affected by Shh treatment (Fig 3£, ). However, this
does not rule out that other sites (e.g. S785) may be phosphorylated by ILK.

PKCa-ILK signaling is required for the effects of Shh on RGC growth cone collapse,
repulsive axon turning and macropinocytosis

Though large portion of previous research focused on the roles of cytoskeleton in axon
guidance, recent studies carried out in our lab and others suggested that asymmetric
removal/addition of the growth cone surface area by clathrin and macropinosome-mediated
vesicle uptake/release contribute to the growth cone collapse and turning (Hines et al., 2010;
Tojima et al., 2006; Tojima et al., 2010). Shh induced macropinocytosis in the RGC growth
cones and inhibition of macropinocytosis appeared to block the growth cone collapse
elicited by Shh (Kolpak et al., 2009). As different PKC isoforms have been shown to
regulate macropinocytosis in different cellular contexts (see Discussion), we assessed the
role of PKCa and ILK in Shh-induced macropinocytosis. A dominant-negative PKCa
(K368R) with a GFP fusion at C-terminus was constructed into a replication-competent
retroviral RCAS vector (RCAS-DN-PKCa). The K368R mutation at the ATP-binding site
of the PKCa abolishes its kinase activity (Ohno et al., 1990). In addition, ILK-DM (T173A/
T181A) fused with GFP at the C-terminus was also cloned into the RCAS vector (RCAS-
ILK-DM). Retroviral stocks were produced and injected into optic vesicles in the chick
embryos at E1.5. Injected embryos were returned to incubator for further development until
E6 or E7 when the retinas were dissected. Wide spread infection was observed on flat-mount
retinas (Fig. 7 A, C, E).

The RGC axon cultures were prepared from the injected samples and dextran uptake assays
were carried out by incubation with fluorescently-conjugated dextran together with vehicle
control or Shh for 2 min. Axons expressing the DN-PKCa., ILK-DM or control GFP were
identified based on GFP fusion protein expression and selected for scoring the dextran
uptake. As shown in Figure 4 A, dextran-labeled macropinosomes were predominantly
present in the growth cone. The control RCAS-GFP-infected axons showed similar
percentages of axons containing dex+ vesicles as those in the uninfected samples, with or
without the addition of Shh (Kolpak et al., 2009) (data not shown). Samples infected with
RCAS-DN-PKCa or RCAS-ILK-DM showed similar rates of dextran uptake in the basal
condition without Shh, as those infected with the RCAS-GFP (Fig. 44 ). However, the
RCAS-DN-PKCa and RCAS-ILK-DM infected axons showed a significant reduction in
Shh-induced macropinocytosis compared to RCAS-GFP-infected samples (Fig. 4A4 9.
Consistently, expression of DN-PKCa or ILK-DM significantly inhibited the Shh-induced
RGC growth cone collapse (Fig. 48, B"). Expression of DN-PKCa appeared to completely
abolish the Shh-induced growth cone collapse, whereas expression of ILK-DM resulted in a
significant inhibition of axonal response to Shh but to a lesser extent than that of DN-PKCa
(Fig. 4B). These results demonstrate that disruption of PKCa and ILK function diminished
the Shh-induced macropinocytosis in RGC axons, and support the notion that negative
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factor-induced macropinocytosis is closely associated with growth cone collapse elicited by
these factors.

We next set out to test whether PKCa and its downstream ILK play a role in Shh-induced
axonal turning. As in our previous report (Kolpak et al., 2009), Shh (2.5-3.0pg/ml) pulsed
from a micropipette positioned at a 45° angle with respect to the original direction of axon
extension caused repulsive turning of the RGC axons. The majority of growth cones turned
away from the Shh gradients, with an average turning angle of — 32.89° compared to the
control (< 5°) (Fig. 5A-D). Pre-treatment of G66976, but not PKCg inhibitor, abolished
Shh-induced repulsive turning, yielding an average turning angle of 4.74° and —26.43°,
respectively (Fig. 58-D). Random turning of RGC axons was observed in the G66976-
treated cultures, indicating that inhibition of PKCa did not affect the ability of the axon to
turn but affects their turning response to Shh.

To further confirm the results, RGC axons infected with the RCAS-DN-PKCa, RCAS-ILK-
DM or control RCAS-GFP viruses were tested in the axon turning assays. Identified by
expression of GFP, the infected axons were selected for turning assays. Similar repulsive
turning was observed in the RCAS-GFP-infected axons in response to Shh, compared to
uninfected controls (-23.04° vs — 32.89°, respectively) (Fig. 58-D). A significant inhibition
of Shh-induced turning was observed by expression of RCAS-DN-PKCa or RCAS-ILK-
DM, with an average turning angle of —3.14° and —5.89°, respectively (Fig. 58-D). In all
cases, the rates of axon extension were not significantly affected by the viral infection (Fig.
5C). These results demonstrate that PKCa and ILK activities are required for Shh-induced
repulsive axon turning.

PKCa-ILK pathway is also required for proper RGC axon guidance at the optic chiasm

Finally, we analyzed the roles of PKCa and ILK in Shh-mediated RGC axonal guidance in
vivo. It has been shown that a high level of Shh is present at the anterior and posterior
borders of the developing chick optic chiasm to confine the RGC axon projection within the
borders at the chiasm (Trousse et al., 2001) (Fig. 8). In mouse, injection of hybridoma
producing an antibody to neutralize Shh protein at the chiasm region resulted in an increase
of RGC axonal projections into ipsilateral tract and contralateral optic nerve (Sanchez-
Camacho and Bovolenta, 2008). However, the signaling pathway that mediates the effect of
Shh on RGC pathfinding at the chiasm remains unclear. To determine whether PKCa-ILK
pathway may be involved in the effect of Shh on guiding the RGC axon at the chiasm, optic
vesicles were injected with the replication-competent RCAS viruses expressing GFP, or the
GFP fusion with the DN-PKCa or ILK-DM at E1.5. At E7, fluorescent lipophilic dye Dil
was injected unilaterally into the right eye cups to label the RGC axons.

In chicken, 100% of RGC axons cross at the optic chiasm to the contralateral side. In the
control group expressing GFP, 1 out of 10 embryos showed minor projection abnormality. A
small number of errors of axon projection are known to occur during embryonic
development which is corrected at later stages (O’Leary et al., 1983). In the embryos with
expression of DN-PKCa, the optic nerve appeared loose at the chiasm, and RGC axon
misprojection at the chiasm was observed in 100% of the injected embryos (n=10 embryos).
In 2 out of 10 embryos injected with RCAS-DN-PKCa, severe misprojection of RGC axons
was observed at the chiasm; a large fraction of axons failed to cross the diencephalon
midline and projected ipsilaterally, or crossed the midline but deviated into the contralateral
optic nerve of the un-labeled eye (Fig. 6B, B ). For the axons managed to project to the
correct contralateral optic tract, the axon bundles appeared disorganized at the midline and
some splayed out from the bundle (Figure. 6B ). In the rest of the embryos (n=8), a less
severe phenotype was observed; small bundles of axons were observed to erroneously
traverse into the opposite optic nerve or ipsilateral optic tract (Fig. 6 C-D). 100% of embryos
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injected with RCAS-ILK-DM (n=10) also showed axon misprojection at the chiasm, similar
to those less severe phenotypes in the RCAS-DN-PKCa injected samples (Fig. 6E-£ 9.
Axons appeared disorganized, splayed out from the bundle, and erroneously projected to the
opposite optic nerve or ipsilateral optic tract. We previously reported that a low
concentration of Shh acted as a positive factor in guiding the RGC axon toward the optic
disc (Kolpak et al., 2005). No obvious defect of intraretinal projection of RGC axons
towards the optic disc was observed by expression of DN-PKCa or ILK-DM (Fig. 7). This
is consistent with the in vitro experimental results that the positive effect of low
concentrations of Shh on RGC axons was not inhibited by pre-treatment of PKCa inhibitor
G06976 (data not shown). Therefore, PKCa-ILK pathway along with other signaling events
in the axons specifically mediates the negative guidance effect of high concentration of Shh
on RGC axons (Fig. 8).

DISCUSSION

In this paper, by both in vitro and in vivo experiments, we demonstrate that a novel
signaling pathway consisting of PKCa and ILK specifically mediates the negative guidance
effects of high concentration of Shh on RGC axons. Despite the reports of direct actions of
Shh on growth cones of various axons, noncanonical signaling pathways of Shh mediating
its effects in axon guidance have just begun to be elucidated. Shh rapidly increased Ca%*
concentration, and activated PKCa and ILK in the growth cones of RGC axons. By in vitro
kinase assay, we found that PKCa directly phosphorylated ILK, and identified two
phosphorylation sites by PKCa on ILK. Inhibition of PKCa or expression of a mutant form
of ILK (T173A/T181A) that eliminates the phosphorylation by PKCa significantly inhibited
the negative guidance effects of Shh, both in vitro and in vivo.

Expressed in the dorsal and posterior borders of the chiasm in chick and mouse embryos,
Shh has been shown to play important roles in promotion of RGC axon fasciculation and
defining a constrained pathway at the chiasm (Sanchez-Camacho and Bovolenta, 2008;
Trousse et al., 2001). Injection of E13.5 mouse embryos with a hybridoma producing a Shh-
blocking antibody resulted in RGC axon guidance defects at the chiasm; the RGC axon
bundles were disorganized and expanded at the chiasm region (Sanchez-Camacho and
Bovolenta, 2008). In another study, Shh has been implicated to prevent ipsilateral RGC
axons from crossing the optic chiasm in mouse through interaction with the Shh receptor
Boc (Fabre et al., 2010). As 100% of RGC axons cross to the contralateral side in the chick
embryos unlike in mouse, we observed consistent negative effects of high concentration of
Shh on RGC axons. Expression of dominant negative PKCa and the double mutant of ILK
(T173A/T181A) resulted in similar RGC axonal phenotypes as those by injection of anti-
Shh antibody in mouse embryos (Sanchez-Camacho and Bovolenta, 2008). These results
support the previous notion that Shh likely act directly on the RGC axons as a guidance
factor rather than indirectly in patterning the neural tube (Sanchez-Camacho and Bovolenta,
2008; Trousse et al., 2001). The presence of other guidance factors such as Slitl and Slit2 in
the area may help confine the misprojected axons to existing axonal tracks including
ipsilateral optic tract and the contralateral optic nerve rather than entering the preoptic or
hypothalamic area, when the response to Shh was interfered at the chiasm (Erskine et al.,
2000; Marcus and Mason, 1995). Our growth cone collapse results indicate that the
conventional PKC signaling is not involved in the Slit2-induced negative effects on RGC
axons.

A novel PKC isoform, PKCS, was shown to be essential for GLI-dependent reporter
transcription in the canonical signaling pathway in the mouse LIGHT2 cells (Riobo et al.,
2006). However, the involvement of PKCa in Shh signaling has not been previously
demonstrated. Translocation experiments and immunocytochemical staining with antibodies

Mol Cell Neurosci. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guo et al.

Page 10

specific for anti-phospho-PKCa and anti-phospho-PKC (pan) confirmed that PKCa was
rapidly and most predominantly activated by high-concentration of Shh. The increase of
phospho-PKCa appeared to be concentrated in the growth cone but also span the distal axon
shaft, suggesting that PKCalis predominantly activated inside the growth cones. This is
consistent with the pattern of CaZ* increase in the growth cone in response to the Shh
protein. When Shh was applied at 45° angle to the direction of axon extention, asymmetrical
rise of Ca2* concentration in the growth cones was observed in 3 of 7 axons examined; Ca2*
elevation first occurred at the side of the growth cone facing the Shh source, and then
quickly spread to the entire growth cone (data not shown). This transient Ca2* gradient in
response to Shh in the growth cones was similar to a previous report of transient CaZ*
gradient in response to netrin-1 (Hong et al., 2000). We cannot rule out whether the rapid
dissipation of asymmetrical CaZ* increase is due to a technical reason that infusion of Ca2*-
sensing dye, such as fluo-3, facilitates the diffusion of Ca2*, eliminating local Ca%* gradient
that would normally persist longer without the dye. In addition, it was necessary to wash out
fluo-3 before the initiation of Ca2* imaging which could disturb the axons resulting in axon
stalling or retraction, thus no asymmetrical Ca2* response could be observed. Previous study
has demonstrated that PKCa and PKCy, can rapidly respond to Ca* concentration changes,
shuttling between the plasma membrane and cytosol nearly synchronously with the
repetitive calcium spikes (Mogami et al., 2003; Oancea and Meyer, 1998). Short-lived Ca?*
signals through PKC activation can be further transduced into long-lived phosphorylation of
downstream target genes, modulating long term physiological phenomena (Mogami et al.,
2003). Therefore, transient Ca2* increase on one side of the growth cone may be sufficient
to trigger local activation of PKCa and ILK, triggering signaling cascades that lead to
repulsive axon turning. However, right now, we don’t know if the transient Ca2* increase is
the result of calcium influx from the medium or calcium release from intracellular store. It
will be interesting in future study to detect whether inositol trisphosphate (IP3), which binds
to CaZ* channel on the endoplasmic reticulum(ER) and thus releases Ca2* from the ER, is
involved in Shh-induced Ca2* elevation in growth cone.

By using a combined approach of pharmacological inhibitors and a dominant negative
construct, we were able to inhibit PKCa activity in RGC axons for both the in vitro and in
vivo experiments. Widely used in many studies, G66976 is reported to inhibit PKCa and p1
at 100 nM, and only PKCa at 5 nM (Martiny-Baron et al., 1993). In contrast to the PKCp-
specific inhibitor, G66976 potently inhibited Shh-induced negative effects on RGC axons
including growth cone turning, axon retraction, and repulsive turning. Consistent with the
acute inhibition of PKCa by G86976, longer-term inhibition of PKCa by expression of a
well characterized dominant-negative PKCa construct similarly abolished the Shh-induced
negative effects in in vitro experiments and resulted in aberrant axon pathfinding at the optic
chiasm. Increasing evidence indicates that PKC signaling pathways play important roles in
axon guidance. Thrombin and protein tyrosine phosphatase . (PTPw)-induced growth cone
collapse of rat dorsal root ganglion axon and chick RGC axon were shown to result from
selective activation of novel PKCe and PKCS, respectively (Ensslen and Brady-Kalnay,
2004); while Wnt-mediated attractive guidance of rat commissural axons requires atypical
PKCC (Wolf et al., 2008). The distinct roles of individual PKCs may be attributed to the
differences in their molecular structures, mechanisms that regulate their activation, and
isoform-selective interacting proteins targeting them to specific substrates (Steinberg, 2008).

Our previous results suggest that Rho GTPase is activated by high concentration of Shh and
inhibition of Rho activity blocks the repulsive axon turning induced by Shh (Kolpak et al.,
2009). In addition, high concentration of Shh has been shown to decrease cAMP level in
RGC axons (Trousse et al., 2001). As growth cone turning involves complex coordinated
reorganization of cytoskeleton, regulated membrane retrieval and addition, and local protein
translation and degradation (Dent and Gertler, 2003; Lowery and Van Vactor, 2009), it is
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not surprising that more than one signaling pathways are activated by guidance molecules.
In addition, several lines of evidence suggest that cross talk between PKCa and Rho
GTPase pathways allow them to coordinate their activities in a number of biological
processes. PKCa has been shown to directly interact with Rho GTPase (Pang and Bitar,
2005; Slater et al., 2001) and PKCa can regulate the activity of Rho through regulation of
GDI and RND proteins (Madigan et al., 2009; Mehta et al., 2001). On the other hand, Rho
GTPase potentiates the activity of PKCaand the activity of PKCa depends on the GTP- or
GDP-bound state of the Rho GTPases. Cross talks among various signaling pathways ensure
orchestrated and consistent axonal responses to the signaling of extracellular factors.

Our results demonstrate that ILK can be directly phosphorylated by PKCa on T173 and
T181 in vitro and the expression of the ILK-DM significantly abolished the negative effects
of Shh on RGC axons, suggesting a new role for ILK in axon guidance. ILK has been shown
to play important roles as a signaling and scaffolding protein in connecting integrins to the
actin cytoskeleton and regulating actin dynamics (Hannigan et al., 2005). The mechanism
underlying the effect of ILK-DM on blocking Shh signaling in RGC axons is currently
unclear, although interference of interaction of ILK with other proteins is a possibility, as
phosphorylation of T173/T181 likely alters the regional surface electrostatic potential of
ILK based on molecular modeling (supplemental Figure 4). Previous studies demonstrated
that the ILK can increase phosphorylation of AKT or GSK3p, two effectors of PI3K (Guo et
al., 2007; Wu and Dedhar, 2001). However, as PI3K pathway is not involved in the effect of
high concentration of Shh on RGC axon growth and guidance (Kolpak et al., 2005), ILK
appears to play a distinct role in this process. ILK is also directly phosphorylated by p21-
activated kinase 1 (PAK1) on T173 and S246 (Acconcia et al., 2007). By in vitro kinase
assay, we found that T173 and T181 but not S246 was directly phosphorylated by PKCa
(Fig. 3D). We also made retrovirus expressing the single mutant of ILK T173A and
expression of the single mutant ILK T173A did not inhibit the Shh-induced RGC axon
growth cone collapse (data not shown). Therefore, eliminating the other phosphorylation site
by PKCa.(T181A) is necessary for blocking the Shh effects on RGC axons.

ILK-DM is less effective than DN-PKCa in inhibition of Shh-induced negative axon
guidance effects, suggesting that other effector(s) downstream of PKCa. could potentially
mediate the negative effects of Shh. Although increased phosphorylation level of B1 integrin
on threonine 788 and 789 by Shh treatment was not observed (Hannigan et al., 2005;
Hannigan et al., 1996), other sites may be phosphorylated by ILK. The exact role of ILK in
Shh-mediated negative axon guidance is currently unclear. The effects of ILK were thought
to result from the putative kinase activity of ILK (Guo et al., 2007). However, whether ILK
possesses kinase activity has been challenged, especially by the recently available crystal
structure of ILK (Fukuda et al., 2009; Wickstrom et al., 2010). Up to present, no report has
shown direct interaction between calcium and ILK. Our data support the view that PKCa
functions downstream of calcium but upstream of ILK. ILK may function as an adaptor
coupling integrin and growth factor signaling through interactions with many proteins
including PINCH, parvin, paxillin, and ILKAP (Legate et al., 2006).

We found that inhibition of PKCa-ILK signaling pathway significantly reduced Shh-
induced macropinocytosis as well as antagonized the negative effects of Shh on RGC axons
including growth cone collapse and repulsive axon turning, supporting that the
macropinosome-mediated membrane removal is associated with the negative axon guidance
effects of Shh. Although the exact mechanism was not completely understood, previous
studies have shown the importance of PKC isoforms in regulating macropinocytosis in
various cell types. PMA, an activator of conventional and novel PKCs, was shown to induce
membrane ruffling and macropinocytosis in A431 cells (Grimmer et al., 2002). PKCp along
with PKC8& mediate cholesterol accumulation when macropinocytosis of LDL is stimulated

Mol Cell Neurosci. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Guo et al.

Page 12

in PMA-activated monocyte-derived macrophages (Ma et al., 2006). Furthermore,
adenovirus-triggered macropinocytosis in epithelial cells (Meier et al., 2002) and
constitutive fluid-phase pinocytosis in dendritic cells (Sarkar et al., 2005) have been shown
to require conventional and novel PKCs, respectively. These studies indicate that the
specific members of PKC family proteins may regulate macropinocytosis in different
cellular contexts and possibly through distinct downstream events. Since the formation of
macropinosomes is initiated by F-actin reorganization around the membrane ruffles which
subsequently fold and fuse to form macropinosomes (Swanson, 2008), the involvement of
ILK in Shh-induced macropinocytosis is not surprising. Given that ILK can regulate F-actin
dynamics through a group of actin-associated binding partners (Legate et al., 2006), it is
possible that ILK may play a role in the ruffle formation, but the exact mechanism is open to
future research.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Shh-induced growth cone collapse is blocked by inhibition of PKCa.. Time-lapse
microscopy of RGC culture was initiated after addition of either vehicle or 3.0 pg/ml Shh.
For some experiments, inhibitors to conventional PKC isoforms (G66976 or PKCg inhibitor)
were added to the cultures for 30 minutes prior to the time-lapse experiment. A, Bright field
images of RGC axons at 0 and 5 min after the addition of vehicle control or Shh. Note that
G66976 but not the PKCg inhibitor abolished Shh-induced growth cone collapse. Arrows
indicate collapsed growth cones. B, Percentages of RGC growth cones that have collapsed
within 5 minutes of addition of vehicle or Shh. Growth cone collapse was defined as loss of
lamellipodia and reduction of filopodia number to three or fewer per growth cone. Numbers
in parentheses indicate the total number of axons scored from at least three independent
experiments. Data are represented as mean+SEM. *p<0.0001, Student’s ftest.
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Figure2.

Shh preferentially activates the PKCa isoform. A, Chick retinal explants were treated with
3.0 pg/ml Shh for 5 and 15 min. Cell lysates were processed to result in cytosolic, Triton
X-100 soluble and insoluble fractions. Western blots were carried out by using antibodies
specific for various PKC isoforms and loading controls were shown blotted with GAPDH,
Nat/K*-ATPase and a-tubulin antibodies. Representative gel image of three independent
experiments is shown. B, Quantification of translocation of PKC isoforms to TritonX-100
soluble and TritonX-100 insoluble fractions. C, Chick retinal explants were treated with
vehicle control, Shh alone or Shh in the presence of G66976 or PKCg inhibitor for 5 mins.
Western blots were carried out by using antibodies specific for phospho-PKCa (S657) or
phospho-PKCBI (T642). Representative gel image of three independent experiments is
shown. C’;, Quantification of phospho-PKCa (S657) elevation in chick retinal explants
treated with vehicle control, Shh alone or Shh in the presence of G66976 or PKCg inhibitor
for 5 mins. Data are represented as mean+SEM. *p<0.05, Student’s ftest. D, E, Chick RGC
axon cultures were treated with vehicle control, Shh alone or Shh in the presence of G66976
or PKCg inhibitor for 2 mins. Representative immunofluorescent images of antibody
staining specific for phospho-PKCa (S657) are shown. The amount of fluorescence in each
distal axon was quantified by ImageJ (see Methods) and the mean values were calculated.
Numbers in parentheses indicate the total number of axons measured from three independent
experiments. F, Fluorescent images of Fluo-3 AM-loaded growth cone at 0”, 33” and 104"
after the onset of Shh application from a micropipette positioned at ~150 wm from the
growth cone. G, Average Fluo-3 fluorescence changes in the whole growth cones after
application of vehicle (n=7), Shh (n=7) or Shh with cyclopamine (n=6) were depicted as
percent changes normalized to the average fluorescent intensity before the onset of vehicle
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or Shh application (time 0) (A ~/F). Data are represented as mean+=SEM. *p<0.01, Student’s
ttest.
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Figure 3.

Shh activates ILK through direct phosphorylation by PKCa.. A, B, Chick RGC axon cultures
were treated with vehicle control, Shh alone or Shh in the presence of G66976 for 2 mins.
The immunofluorescent signals of phospho-ILK-T173 in each axon were quantified by
ImageJ (see Methods) and the mean values were plotted. Numbers in parentheses indicate
the total number of axons measured from three independent experiments. Data are
represented as mean+SEM. *p<0.001, Student’s ftest. C, In vitro kinase reactions were
carried out by mixing the purified recombinant PKCa with wild type or ILK single mutant
(ILK-T173A). Phosphorylation of ILK was analyzed on SDS-PAGE followed by
autoradiography. The upper band shows the autophosphorylation of PKCa. (81 kDa) and the
lower band shows the phosphorylation of ILK-GST fusion protein (*76kDa). Without
PKCa, auto-phosphorylation of ILK-WT was undetectable. D, Double mutant (ILK-T173A/
T181A) but not the other double mutations further reduced ILK phosphorylation to the
background level. Equal loading of the gel was verified by western blot using an anti-GST
antibody. E, Chick RGC axon cultures were treated with vehicle control or Shh for 2 mins.
The immunofluorescent signal of phospho-p1-integrin (T788/T789) in each axon was
quantified by ImageJ and the mean values were plotted. F, E6 chick retinas were treated
with vehicle or Shh for 5 mins, cell lysates were run on SDS-PAGE gel and blotted with an
antibody for phospho-B1-integrin (T788/T789).
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Figure 4.

Expression of DN-PKCa or ILK-DM inhibited Shh-induced dextran uptake. A, A, RGC
axons infected with various RCAS viruses were treated with vehicle control or Shh for 2
mins with 10K rhodamine dextran. Representative fluorescent images of GFP-positive axons
are shown. Arrowheads indicate dextran labeled macropinosomes. Percentages of dextran*
axons were quantified in the infected GFP-positive axons and the data were normalized to
control. B, B ’, Growth cone collapse was also scored in the RCAS virus-infected RGC
axons in response to 5 min treatment of vehicle control or Shh. Data are represented as mean
+SEM. * p<0.05, ** p< 0.01, Student’s ftest. Numbers in parentheses indicate the total
number of axons scored from three independent experiments. Scale bar, 5um.
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Figure5.

Activation of PKCa and ILK is required for the repulsive axon turning induced by Shh. A,
Dark field images of RGC growth cones before (0 min) and after (10 min and 20 min)
exposure to a vehicle or Shh gradient delivered by a micropipette positioned at 45° angle to
the direction of axon growth (arrows). B, Superimposed traces depict the trajectory of wild
type RGC axon extension in the presence or absence of PKC signaling pathway inhibitors in
the culture media (upper row). For some experiments, RGC axon cultures were derived from
retinas infected with retroviruses, including RCAS-GFP, RCAS-DN-PKCa or RCAS-ILK-
DM (lower row). Infected axons were selected based on GFP fusion protein expression. The
origin is the centre of the growth cone at the beginning of the recording and the original
direction of axon extension coincides with the y~axis. Arrows indicate the direction of the
Shh protein gradient. Tick marks on the x- and y~axis represent 5um. C, Average axonal
turning angles and extension under various experimental conditions. Data are represented as
mean+SEM. *p<0.001, **p<0.05, Student’s ftest. D, Cumulative distribution plots of
axonal turning angles of each condition. Each point represents the turning angle of growth
cone at the end of 20 min exposure to vehicle control or Shh. The percentage represents the
percentage of growth cone bearing turning angle < the value indicated on the x axis. Positive
angles represent axon turning toward the pipette, whereas negative angles represent axon
turning away from the pipette. G6, G66976, B inhibitor, PKCg inhibitor.
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Figure®6.

Expression of DN-PKCa or ILK-DM resulted in misguidance of chick RGC axons at the
optic chiasm. The optic vesicles of the chick embryos were injected with RCAS viruses at
E1.5 and Dil was injected into the eye cups of the right eyes at E7. Dil was allowed to
diffuse for 2 to 3 weeks to label the RGC axon pathway. A, In RCAS-GFP infected retinas,
Dil-labeled RGC axons exhibited normal pathfinding at the chiasm projecting into the
contralateral optic tract (asterisk). B—E *, Misprojection of RGC axons was found at the
chiasm in the samples infected with RCAS-DN-PKCa (B-D) or RCAS-ILK-DM (E, E 9.
Axons were misrouted into the ipsilateral optic tract (arrowheads) and contralateral optic
nerve (arrows). A ’, B ’, E “are higher magnification views of the regions boxed in A, B, E,
respectively. C, D, Confocal images of two consecutive sections of a RCAS-DN-PKCa
infected sample. Vertical dash line indicates the midline. * indicates the contralateral optic
tract.
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Figure7.

Intraretinal projection of the RGC axons was not affected by expression of DN-PKCa or
ILK-DM. The optic vesicles of the chick embryos were injected with RCAS-GFP, RCAS-
DN- PKCa or RCAS-ILK-DM at E1.5. Retinas were harvested at E7, flat-mounted with the
ganglion side up, and wide-spread GFP expression was observed (A, C, E).
Immunofluorescent staining with an anti-neurofilament antibody (B, D, F ) showed the
trajectories of the RGC axons. In all cases, the projection patterns of the RGC axons toward
the optic disc appeared normal (some minor aberrant appearance is due to the curvature of
the retinal surface). Arrows indicate the direction to the optic disc.
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Figure8.

A model of PKCa-ILK signaling in the RGC axon guidance. A, In chick RGC axons, Shh
decreases [CAMP], (Trousse et al., 2001) and increases [Ca2*]; leading to phosphorylation
and translocation of PKCa to the plasma membrane. Activated PKCaphosphorylates ILK.
The PKCa-ILK and the Rho GTPase pathways (Kolpak et al., 2009) are critical for Shh-
induced negative axon guidance effects. B, In wild-type chick embryos, RGC axons that
originate from optic disc cross at the optic chiasm to the contralateral optic tract. B/,
Expression of DN-PKCa or ILK-DM results in a portion of axons that fail to respond to
Shh, leading to aberrant axon pathfinding at the chiasm. PM, plasma membrane; V, Ventral,
D, dorsal; N, nasal; T, temporal; on, optic nerve; ot, optic tract.
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