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Abstract
During development of the visual system, retinal ganglion cells (RGCs) require cell-cell adhesion
molecules and extracellular matrix proteins for axon growth. In this study, we demonstrate that the
classical cadherin, E-cadherin, is expressed in RGCs from E6 to E12 and promotes neurite outgrowth
from all regions of the chick retina at E6, E8 and E10. E-cadherin is also expressed in the optic tectum.
E-cadherin adhesion blocking antibodies specifically inhibit neurite outgrowth on an E-cadherin
substrate. The receptor-type protein tyrosine phosphatase, PTPμ, associates with E-cadherin. In this
manuscript, we demonstrate that antisense-mediated down regulation of PTPμ, overexpression of
catalytically inactive PTPμ, and perturbation of endogenous PTPμ using a specific PTPμ inhibitor
peptide results in a substantial reduction in neurite outgrowth on E-cadherin. Taken together these
findings demonstrate that E-cadherin is an important adhesion molecule for chick RGC neurite
outgrowth and suggest that PTPμ expression and catalytic activity are required for outgrowth on an
E-cadherin substrate.
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Introduction
The chick visual system serves as a well-established model to investigate the molecular
mechanisms involved in axon growth and guidance. Retinal ganglion cells (RGCs) are the first
cells to differentiate within the retina at embryonic (E) day 4 (reviewed in Mey and Thanos,
2000, 2001). Development within the retina proceeds in a central-to-peripheral gradient, with
cells in the temporal region of the retina being the most differentiated. RGCs first extend an
axon toward the optic fissure, and then travel out of the eye along the optic nerve to the chiasm
where they cross and continue on the retinofugal pathway to their target, the optic tectum.
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Retinal axons reach the anterior portion of the tectum by E6 and extend along the tectal surface
to form the stratum opticum (SO). Temporal axons innervate the anterior surface while nasal
axons extend to the posterior tectum at E10. RGCs extend axons toward the optic tectum in
response to various molecular cues on the surface of other cells or in the extracellular
environment (Mey and Thanos, 2000).

Cell adhesion molecules are important for the formation of the visual system (Hirano et al.,
2003; Thiery, 2003; Kiryushko et al., 2004). Classical cadherins are cell surface integral
membrane glycoproteins that mediate cell-cell adhesion, cell migration and cell sorting via
calcium-dependent, homophilic interactions (Gumbiner, 2005). Cadherins are tethered to the
actin cytoskeleton by their association with the catenins, α-catenin, β-catenin, plakoglobin and
p120 (Lilien and Balsamo, 2005). N-cadherin is predominantly expressed in the developing
nervous system and mediates axon guidance and synapse formation (Redies, 2000; Kiryushko
et al., 2004; Takeichi and Abe, 2005). Previous studies have demonstrated that N-cadherin
promotes neurite outgrowth in vitro and in vivo (Bixby and Zhang, 1990; Riehl et al., 1996).
Within the chick retina, N-cadherin has been shown to be regulated by tyrosine phosphorylation
(Lilien and Balsamo, 2002, 2005).

Receptor protein tyrosine phosphatases (RPTPs) are expressed in the developing chick visual
system and a subset of RPTPs have been suggested to play a role in retinotectal pathfinding
(Brady-Kalnay, 2001; Ensslen-Craig and Brady-Kalnay, 2004; Johnson and Van Vactor,
2003). RPTPmu (PTPμ) is comprised of CAM-like extracellular domains that mediate cell-
cell adhesion and associates with E-, N-, R- and VE-cadherin and the catenins, α-catenin, β-
catenin and p120 (Brady-Kalnay et al., 1995, 1998; Hiscox and Jiang, 1998, 1999; Zondag et
al., 2000; Sui et al., 2005).

Another classical cadherin, E-cadherin is expressed by mouse RGCs (Faulkner-Jones et al.,
1999; Xu et al., 2002). However, a role for E-cadherin in neurite outgrowth has not been
examined. In this study, we used a retinal explant model system to demonstrate that E-cadherin
promotes neurite outgrowth of RGCs when used as a culture substrate in vitro. E-cadherin is
expressed in the chick retina from E6 to E12 and promotes neurite outgrowth from all regions
of the retina. Neurite outgrowth is specific to E-cadherin since outgrowth on an E-cadherin
substrate is inhibited by addition of E-cadherin adhesion blocking antibodies. We have shown
previously that PTPμ is present in a complex with E-cadherin in other systems (Brady-Kalnay
et al., 1995, 1998). In order to determine the physiological significance of an association
between PTPμ and E-cadherin in neurite outgrowth, the expression level of PTPμ was
perturbed in retinal explants. The phosphatase activity of PTPμ was also perturbed in retinal
explants. Down-regulation of PTPμ expression through antisense techniques and
overexpression of catalytically inactive PTPμ resulted in a substantial reduction in neurite
outgrowth on an E-cadherin substrate. In adddition, perturbation of endogenous PTPμ in retnal
explants using a specific PTPμ inhibitor peptide also resulted in a decrease in both N-cadherin
and E-cadherin-mediated neurite outgrowth. These findings indicate that PTPμ expression and
catalytic activity are required for neurite outgrowth by RGCs on an E-cadherin substrate.

Results
Expression of E-cadherin in the visual system

Molecules that regulate axon outgrowth can be expressed in a gradient within the chick visual
system. Since RGCs from nasal versus temporal regions of the retina extend axons to distinct
locations in the tectum, we examined nasal versus temporal E-cadherin expression at several
developmental time points corresponding to peak RGC axon growth in the retina and tectum
(Mey and Thanos, 2000). Lysates were made, separated by SDS-PAGE and immunoblotted
for E-cadherin (Fig. 1). E-cadherin is expressed during development from E6 to E12, the
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earliest and latest time-points examined (Fig. 1), and is expressed in the nasal and temporal
regions of the retina. N-cadherin is expressed in the retina from E8 to E10 as tested by
immunoblot analysis (Matsunaga et al., 1988; Lagunowich and Grunwald, 1989; Burden-
Gulley and Brady-Kalnay, 1999). PTPμ is also expressed in the retina (Burden-Gulley and
Brady-Kalnay 1999, 2002). Full length PTPμ migrates at ~200 kDa whereas the proteolytically
processed form of PTPμ that contains the cytoplasmic domain migrates at 100 kDa (Brady-
Kalnay and Tonks, 1994). In retinal lysates, an additional 95 kDa immunoreactive band is also
present (Burden-Gulley and Brady-Kalnay, 1999; Burden-Gulley et. al., 2002). Full length
PTPμ increases in size, possibly due to glycosylation or alternative splicing. To ensure equal
protein loading immunoblots were stripped and reprobed with antibodies to vinculin (Fig. 1).

To further characterize the expression of E-cadherin in the developing retina, E8 retinas (stage
32) were sectioned and immunohistochemically labeled with an anti-E-cadherin antibody (Fig.
2A). E8 retinas were used since this time point in development coincides with peak RGC axon
extension (Mey and Thanos, 2001). Coronal sections of the retina were taken in order to view
both the dorsal and ventral region of the retina. E-cadherin is expressed in the retinal ganglion
cells and optic fiber layer (Fig. 2A, B). Serial sections of retina were stained with Hematoxylin
to indicate the nuclear location of the RGC cell bodies (Fig. 2C, D), or incubated in the absence
of primary antibody (Fig. 2E, F) as a control.

We then examined the expression of E-cadherin in the optic tectum. By E8, RGC axons have
migrated out of the retina, across the optic chiasm and are innervating the anterior region of
the tectum (Mey and Thanos, 2001). Retinal axons extend along the tectal surface to form the
stratum opticum (SO). Temporal axons innervate the anterior surface while nasal axons extend
to the posterior tectum at E10. E-cadherin is expressed in E8 optic tectum in the stratum opticum
(SO), the outermost layer of the tectum, and the stratum griseum et fibrosum superficiale
(SGFS), where RGC axons innervate (Fig. 2G). E-cadherin was also expressed in the
neuroepithelium of the tectum (Fig. 2G). At E8, undifferentiated neuroepithelium is most
prominent in the anterior portion of the tectum and gives rise to differentiating cells which
migrate to the pial surface (LaVail and Cowan, 1971).

E-cadherin promotes neurite outgrowth
Early in embryogenesis, one or two leading RGC axons migrate along the optic stalk toward
the optic tectum (Mey and Thanos, 2001). As development continues, successive waves of
axons project along the neuronal and glial cells within the optic nerve (Mey and Thanos,
2001). Thus, cadherins expressed on the surface of these cells can serve as a “substrate” for
axonal migration. To determine whether E-cadherin promotes neurite outgrowth, we used a
well-established in vitro model lab to investigate neurite outgrowth (Lagenaur and Lemmon,
1987; Burden-Gulley and Brady-Kalnay, 1999). Purified recombinant E-cadherin-Fc chimera
was coated on tissue culture dishes and used as a substrate to culture chick retinal explants.
Neurite outgrowth on an E-cadherin substrate was observed from retinal explants taken at E6,
E8 and E10, after 20 hours in culture (Fig. 3A, B, C). Neurite length and density was similar
between all time points examined, suggesting that E-cadherin is equally effective at promoting
neurite outgrowth at these ages. Neurite outgrowth on E-cadherin was similar in length and
density to that observed on N-cadherin (Fig. 6D, G).

Growth cones located at the distal tip of the axon allow neurons to interact with the extracellular
environment. Each growth cone recognizes cues in the extracellular environment and on the
surface of adjacent cells via membrane-associated proteins such as the cadherins (Hirano et
al., 2003; Kiryushko et al., 2004). These interactions lead to intracellular signaling events,
which induce cytoskeletal rearrangements that ultimately regulate axon guidance. DiI labeling
of RGCs illustrates that the morphology of the growth cones present on an E-cadherin substrate
consists of large, broad lamellipodia with a few short filopodia (Fig. 4C). In contrast, growth
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cones on N-cadherin had smaller lamellipodia with several short filopodial processes (Fig. 4B),
which is consistent with previous published work (Bixby and Zhang, 1990; Payne et al.,
1992). Growth cones with small lamellipodia were observed on laminin (Fig. 4A). The
differences in growth cone morphology observed on each cadherin substrate suggest that
distinct signaling mechanisms may be involved in E-cadherin versus N-cadherin-dependent
neurite outgrowth.

The 3-dimensional position of the RGC cell body within the retina determines which positional
cues the RGC cell body and therefore its axon will respond to. Previous studies have shown
that at E8, N-cadherin-mediated neurite outgrowth predominantly occurs from RGCs
originating from the ventral-nasal, ventral-temporal and dorsal-temporal retina while little to
no growth occurs from RGCs from the dorsal-nasal region (Burden-Gulley et al., 2002). In
order to identify which regions of the retina promote neurite outgrowth on an E-cadherin
substrate, explants from distinct regions of the retina were isolated and cultured in vitro. In
contrast to N-cadherin, robust neurite outgrowth on E-cadherin was observed from all regions
of the retina (Fig. 5B). Laminin, which has been shown to promote robust neurite outgrowth
from all regions of the retina (Burden-Gulley et al., 2002), was used as a control (Fig. 5A).

Classical cadherins are predominantly homophilic binding proteins (Ivanov et al., 2001;
Gooding et al., 2004). To confirm that neurite outgrowth on E- or N-cadherin substrates is
specific, E8 retinal explants were cultured on an E-cadherin, N-cadherin or laminin substrate
in the presence or absence of adhesion-blocking antibodies. Neurite outgrowth on an E-
cadherin substrate was blocked when cultured in the presence of antibodies against the
extracellular domain of chick E-cadherin (Fig. 6I). These E-cadherin blocking antibodies had
no effect on N-cadherin-mediated outgrowth (Fig. 6F). Antibodies against the extracellular
domain of chick N-cadherin (Hatta and Takeichi, 1986) had no effect on E-cadherin-mediated
neurite outgrowth (Fig. 6H). However, N-cadherin adhesion blocking antibodies did block
neurite outgrowth on an N-cadherin substrate (Fig. 6E). Neurite outgrowth on laminin was
unaffected by E- and N-cadherin adhesion blocking antibodies (Fig. 6B, C). Taken together,
these data suggest that neurite outgrowth on an E-cadherin substrate is due to specific E-
cadherin binding.

PTPμ expression and catalytic activity are required for E-cadherin-mediated neurite
outgrowth

Previously our laboratory has demonstrated that PTPμ is expressed in the retina (Fig. 1),
interacts with N-cadherin, and is required for N-cadherin-mediated neurite outgrowth (Burden-
Gulley and Brady-Kalnay, 1999). We have also shown that PTPμ interacts directly with E-
cadherin in other cell types (Brady-Kalnay et al., 1995, 1998). We therefore hypothesized that
PTPμ expression might be required for E-cadherin-mediated neurite outgrowth. In order to test
this, we infected E8 retinal explants with herpes simplex virus (HSV) encoding antisense
PTPμ (AS) (Ensslen et al., 2003). Previous studies have demonstrated that infection of cultured
retinal neuroepithelial cells (RNE) with PTPμ AS HSV reduces expression of full length
PTPμ by 60% (Ensslen et al., 2003). We confirm that PTPμ AS HSV decreased full length
PTPμ by 64%, cleaved PTPμ (100 kDa) decreased by 59% and the 95 kDa band decreased by
51% when normalized to vinculin. In addition, infection of RNE with PTPμ AS HSV had no
significant effect on E- or N-cadherin expression (Fig. 7). Retinal explants infected with
PTPμ AS HSV were cultured on either an E-cadherin, N-cadherin or laminin substrate. Neurite
outgrowth was observed after 20 hours of incubation in the presence of the virus (Fig. 8).
Neurite length decreased by 63% and density decreased by 77% when retinal explants were
cultured on an E-cadherin substrate in the presence of PTPμ AS HSV (Fig. 8K,Fig. 9). Similar
to previously reported data using PTPμ antisense retrovirus (Burden-Gulley and Brady-Kalnay,
1999), neurite length and density of retinal explants grown on an N-cadherin substrate in the
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presence of PTPμ AS HSV decreased by 51% and 76% respectively (Fig. 8G, Fig. 9). PTPμ
AS HSV had no effect on neurite outgrowth of retinal explants grown on a laminin substrate
(Fig. 8C, Fig. 9), indicating that the amount of virus used is not toxic and does not exhibit
nonspecific effects on neurite outgrowth. These results suggest that PTPμ expression is
required for E-cadherin to mediate neurite outgrowth.

In addition to PTPμ expression, PTPμ tyrosine phosphatase activity is required for N-cadherin-
mediated neurite outgrowth (Burden-Gulley and Brady-Kalnay, 1999). Since infection with
HSV encoding PTPμ AS does not tell us whether PTPμ adhesion or phosphatase activity is
regulating E-cadherin-mediated neurite outgrowth we ivestigated the requirement for PTPμ
catalytic activity in E-cadherin-mediated neurite outgrowth. In order to test this, E8 retinal
explants were infected with HSV encoding either wild-type PTPμ (WT) or full length
catalytically inactive PTPμ (C–S) (Ensslen et al., 2003) and cultured on either an E-cadherin,
N-cadherin or laminin substrate (Fig. 8). Overexpression of PTPμ WT also had no effect on
laminin (Fig. 8B) and N-cadherin-mediated neurite outgrowth (Fig. 8F) as previously published
(Burden-Gulley and Brady-Kalnay, 1999). We also demonstrate that PTPμ WT had no effect
on E-cadherin-mediated neurite outgrowth (Fig. 8J, Fig. 9). After 20 hours of incubation in the
presence of PTPμ C–S HSV, neurite length decreased by 49% and density decreased by 79%
when cultured on an E-cadherin substrate (Fig. 8L, Fig. 9). Neurite length and density of retinal
explants grown on an N-cadherin substrate in the presence of PTPμ C–S HSV decreased by
52% and 70% respectively (Fig. 8H, Fig. 9). PTPμ C–S HSV had no effect on neurite outgrowth
of retinal explants grown on a laminin substrate (Fig. 8D, Fig. 9). Taken together, we
demonstrate that PTPμ catalytic activity is also required for E-cadherin-mediated neurite
outgrowth.

To test whether endogenous PTPμ function is required for E-cadherin and N-cadherin-
mediated neurite outgrowth, a PTPμ specific peptide inhibitor was used. The peptide resembles
the HLH wedge-shaped sequence (Hoffmann et al., 1997), located in the juxtamembrane
domain near the D1 PTPμ catalytic domain (Xie, et. al., 2006). The peptide utilized mimics
inter/intramolecular interactions and is proposed to regulate catalytic activity of the
phosphatase (for reviews see Bixby, 2001, Brady-Kalnay et al., 2001; Ensslen-Craig and
Brady-Kalnay, 2004). The PTPμ wedge peptide (WPTPμ-Tat) binds to itself in a bead binding
assay but not to the wedge peptide LAR (WLAR-Tat), another member of the type II RPTP
subfamily (Xie, et. al., 2006), demonstrating that the WPTPμ-Tat is specific and does not
interact with other RPTP family members. In addition, WPTPμ-Tat but not WLAR-Tat was
shown to perturb PTPμ-mediated neurite outgrowth (Xie, et. al., 2006) which requires PTPμ
catalytic activity (Ensslen-Craig and Brady-Kalnay, 2005).

E8 retinal explants were cultured in the presence the PTPμ wedge peptide (WPTPμ-Tat), which
includes a Tat-derived domain linked to the C terminus for uptake of the peptide into the cell,
or scrambled control (SPTPμ-Tat) and cultured on either an E-cadherin, N-cadherin or laminin
substrate for 20 hours (Fig. 10). Incubation with WPTPμ-Tat had no effect on laminin-
dependent neurite outgrowth (Fig. 10B) when compared to SPTPμ-Tat control (Fig. 10A).
Neurite length (Fig. 10G) decreased by 46% on N-cadherin and by 80% on E-cadherin
substrates, while neurite density (Fig. 10H) decreased by 84% on N-cadherin and by 90% on
E-cadherin in the presence of WPTPμ-Tat when compared to SPTPμ-Tat control. Perturbation
of E-cadherin and N-cadherin-mediated neurite outgrowth using the PTPμ specific wedge
peptide inhibitor, confirms the importance of PTPμ catalytic activity in cadherin-dependent
neurite outgrowth.
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Discussion
Although many cell adhesion molecules are expressed within the nervous system, only a subset
of these molecules have been shown to be permissive to axon outgrowth in vivo. In order to
address the functional role of CAMs in axon extension, an in vitro RGC neurite outgrowth
assay using various CAMs as substrates is utilized. Integrins and their ligands the extracellular
matrix (ECM) molecules, the immunoglobulin superfamily of cell adhesion molecules (CAMs)
and cadherins comprise the three primary classes of proteins known to mediate neurite
outgrowth (Kiryushko et al., 2004). Integrin receptors are present on the surface of RGCs and
signal to the cell to extend neurites onto certain ECM molecules including fibronectin and
laminin (Kiryushko et al., 2004). L1, an Ig superfamily CAM, is known to promote neurite
outgrowth from RGCs (Burden-Gulley et al., 1995; Kamiguchi, 2003; Skaper, 2005). Within
the cadherin superfamily only two classical cadherins, N-cadherin and R-cadherin have been
shown to promote neurite outgrowth (Bixby and Zhang, 1990; Redies and Takeichi, 1993).
Previous studies have shown that E-cadherin is expressed in mouse RGCs (Faulkner-Jones et
al., 1999; Xu et al., 2002). However, the role of E-cadherin in neurite outgrowth is unknown.
In this study we show that E-cadherin is expressed within the chick visual system and identified
a functional role for E-cadherin in promoting neurite outgrowth from RGCs.

In this manuscript, we demonstrate that E-cadherin is expressed in the retina from E6 to E12.
At E8, E-cadherin is expressed by the RGCs of the retina and is also present in the chick tectum.
In order to stimulate the elongation of retinal axons, RGCs require molecules with growth
permissive properties (Hirano et al., 2003; Thiery, 2003; Kiryushko et al., 2004). We
demonstrate that RGC neurons extended neurites onto an E-cadherin substrate early in retinal
development at E6, throughout peak axon extension at E8 to E10. E-cadherin is a homophilic
binding protein, meaning E-cadherin on the surface of one cell has the ability to interact in
trans with an E-cadherin molecule on the surface of another cell (Ivanov et al., 2001; Gooding
et al., 2004). We show that neurite outgrowth on an E-cadherin substrate was blocked by the
addition of an E-cadherin function blocking antibody. These data suggest that E-cadherin-
mediated neurite outgrowth is specific to E-cadherin.

Distinct differences in neurite outgrowth were observed on an E-cadherin substrate versus N-
cadherin. Neurite outgrowth on an E-cadherin substrate was robust from all regions of the retina
at E8, whereas little to no neurite outgrowth is observed from the dorsal-nasal region of the
retina on N-cadherin (Burden-Gulley et al., 2002). Growth cones on an E-cadherin substrate
had large, broad lamellipodia with very few short filopodia in contrast to growth cones on N-
cadherin with smaller lamellipodia and several short filopodia, indicating that different
downstream signaling molecules may be regulating E-cadherin versus N-cadherin-mediated
neurite outgrowth.

Expression of E-cadherin during embryonic development is classically associated with
epithelial cell organization and maintenance of stable cell-cell adhesion (Thiery, 2003).
Epithelial cells express E-cadherin, however down-regulation of E-cadherin or loss of E-
cadherin function occurs during epithelial-mesenchymal transition (EMT) (Thiery, 2003;
Larue and Bellacosa, 2005). In contrast to the role of E-cadherin in maintaining cell-cell
adhesion in epithelial cells, recent findings in D. melanogaster have indicated a role for E-
cadherin in axon growth and cell migration. Drosophila epithelial (DE) cadherin is expressed
in postembryonic neuroblasts which form the Drosophila brain and is required for proper axon
tract formation (Dumstrei et al., 2003a; 2003b). Border cells also express DE-cadherin and
require DE-cadherin for migration during oogenesis (Niewiadomska et al., 1999). Lack of DE-
cadherin in border cells blocks cell migration, and expression of extracellular DE-cadherin
alone is unable to rescue border cell migration (Pacquelet and Rorth, 2005). These data
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highlight the importance of the DE-cadherin cytoplasmic domain in DE-cadherin-mediated
cell migration.

Intracellular tyrosine phosphorylation of cadherins is associated with a loss of cadherin-
mediated adhesion and destabilization of adherens junctions (Brunton et al., 2004; Andl and
Rustgi, 2005; Erez et al., 2005). In addition, dephosphorylation of E-cadherin or E-cadherin
associated proteins may be required for proper cell adhesion (Brady-Kalnay, 2001; Beltran and
Bixby, 2003; Lilien and Balsamo, 2005). In the retina, PTPμ is primarily expressed on RGCs
and is developmentally regulated (Burden-Gulley and Brady-Kalnay, 1999; Ensslen et al.,
2003). PTPμ interacts with the E-cadherin/catenin complex in many cell types (Brady-Kalnay
et al., 1995, 1998). Our laboratory has previously reported that expression and catalytic activity
of PTPμ are required for neurite outgrowth on an N-cadherin substrate (Burden-Gulley and
Brady-Kalnay, 1999). In this study, we report that PTPμ expression and catalytic activity is
also required for neurite outgrowth on an E-cadherin substrate. Although distinct downstream
signaling pathways between E-cadherin and N-cadherin-mediated neurite outgrowth may be
involved, it is clear that PTPμ expression and catalytic activity are required for both E-cadherin
and N-cadherin-mediated neurite outgrowth.

One possible mechanism for the regulation of E-cadherin-mediated neurite outgrowth by
PTPμ is through the recruitment of other regulatory proteins to the cadherin/catenin complex.
The protein kinase C (PKC) family of serine/threonine kinases has been implicated in the
regulation of E-cadherin-mediated adhesion and formation of adherens junctions (Lewis et al.,
1994; Skoudy et al., 1995; Hellberg et al., 2002). PKC is able to bind the receptor for activated
protein kinase C 1 (RACK1) (Ron et al., 1999), a scaffolding protein known to regulate
signaling pathways in the central nervous system (Sklan et al., 2006). Within the chick retina,
RACK1, PKCδ and PTPμ are found in complex together (Rosdahl et al., 2002). RACK1 and
PTPμ have also been found in complex in epithelial cells and regulate E-cadherin dependent
adhesion (Chattopadhyay et al., 2003). Regulation of PKCδ activity is required for restoration
of E-cadherin-mediated adhesion in LNCaP cells (Hellberg et al., 2002). It is possible that
PTPμ recruits RACK1/PKCδ to the cadherin/catenin complex at the cell surface where
PKCδ may regulate E-cadherin-mediated cell adhesion. Future studies will investigate the
PTPμ signaling pathways required for E-cadherin dependent neurite outgrowth.

Experimental Methods
Immunoblot analysis

Tissue lysates were prepared by dissecting nasal retina from temporal retina at various
developmental stages in ice-cold calcium-magnesium-free Hank’s buffered saline (CMF) and
transferred to cold lysis buffer (20mM Tris pH 7.6, 1% Triton X-100, 1mM benzamidine, 1mM
sodium orthovanadate, 0.1 mM ammonium molybdate, 0.2 mM phenyl arsine oxide, 0.3%
protease inhibitor cocktail (P8340; Sigma). The tissue was lysed by vigorous trituration and
incubated on ice for 20 minutes. The triton insoluble material was removed by centrifugation
(5,000 rpm for 5 min in an Eppendorf Microcentrifuge), and the protein concentration of the
supernatant was determined by the Bradford method (Bradford, 1976). Equal amounts of
protein were loaded per lane and separated by SDS-PAGE (6% gels). Proteins were transferred
to nitrocellulose membrane (Schleicher and Schuell, Keene, NH) and immunoblotted as
described previously using an antibody generated against PTPμ (SK18 or SK15) (Brady-
Kalnay et al., 1993; Brady-Kalnay and Tonks, 1994), E-cadherin (610182; BD Biosciences,
San Diego, CA) or N-cadherin (610920; BD Biosciences). To verify equal protein load per
lane, the immunoblots were stripped and reprobed (Reblot Plus; Chemicon International,
Temecula, CA) with a monoclonal antibody generated against vinculin (V9131; Sigma, St.
Louis, MO). All immunoblot data were acquired on a Bio-Rad Fluor-S Max MultiImager
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system (Bio-Rad, Hercules, CA), using the Quantity One (Bio-Rad) image processing software.
For quantitation, bands were normalized to vinculin.

Immunohistochemistry
Retina and brain were dissected out in ice-cold CMF. Tissue was fixed in 3.7% formaldehyde
for 30–45 minutes at room temperature followed by a PBS rinse. Tissue was taken through
alcohol dehydration and then embedded in paraffin wax. Coronal sections were taken of the
retina in that the blade cut across the eye, parallel to the optic fissure. Sections were cut on a
microtome at 12μm intervals. Next, sections were dried for 1 hour, cleared with xylene and
taken through alcohol rehydration. After rinsing in PBS, sections were heated at 37°C in 10mM
sodium citrate, pH 6, 3 times for 6 minutes each to unmask antigenic sites. Sections were
allowed to cool for 20 min before incubating in 3% H2O2 for 20 min to block endogenous
peroxidase activity. Sections were blocked with 1.5% horse serum/PBS. In order to block
endogenous avidin/biotin activity, sections were incubated with avidin D followed by biotin
(Avidin/Biotin Blocking Kit; Vector Laboratories, Burlingame, CA). Sections were then
incubated in monoclonal anti-E-cadherin antibody (BD Biosciences) in blocking buffer
overnight at 4°C. After rinsing in PBS, sections were incubated in biotinylated secondary
antibody (Vectastain Elite avidin-biotin complex (ABC) kit; Vector Laboratories) in blocking
buffer for 25 min at room temperature. Sections were rinsed and then incubated in ABC reagent
in PBS for 45 min at room temperature. After PBS rinses, sections were incubated with
diaminobenzidine (DAB) solution (Vector Laboratories) for 5–10 min and then rinsed with
PBS. DAB produces a brown precipitate, making protein expression in the retinal pigmented
epithelium (RPE) indistinguishable from the brown melanin found in the RPE. Sections were
dehydrated through a graded ethanol series and then coverslipped using Permount mounting
medium (Fisher Scientific, Hampton, NH). All images were collected using an RT Slider digital
camera (Diagnostic Instruments, Sterling Heights, MI) mounted on an Olympus BX 60 Upright
Microscope (Tokyo, Japan).

Neurite outgrowth assays
Human E-cadherin-Fc and N-cadherin-Fc were obtained from R&D Systems (Minneapolis,
MN). Laminin was obtained from Sigma. Briefly, 35mm tissue culture dishes were coated with
nitrocellulose in methanol (Lagenaur and Lemmon, 1987) and allowed to dry. Several different
lots of substrate were used over the course of the experiments resulting in variablitity in the
concentration of substrate used. 0.25–0.50 μg of E-cadherin-Fc, 0.06–0.15 μg of N-cadherin-
Fc or 2.50–4.00 μg of laminin was spread across the center of each dish and incubated for 20
minutes at room temperature. Remaining binding sites on the nitrocellulose were blocked with
2% BSA in CMF, and the dishes were rinsed with RPMI 1640 medium (Hyclone, Logan, UT).

Embryonic day 8 (stage 32–33 according to Hamburger and Hamilton, 1951) chick eyes were
dissected in cold CMF and the retinal explants were prepared as described (Halfter et al.,
1983; Drazba and Lemmon, 1990; Burden-Gulley and Brady-Kalnay, 1999). Briefly, neural
retinas were flattened on concavalin-coated nitrocellulose filters and cut into 350μm-wide
explants. Explants were placed retinal ganglion side down onto substrate coated dishes and
cultured in RPMI-1640, 10% fetal bovine serum (Hyclone), 2% chick serum (Invitrogen,
Carlsbad, CA), 100 U/ml penicillin, 0.1mg/ml streptomycin, 0.025 μg/ml amphotericin
(Sigma).

For growth cone visualization, Lab-TekII Chamber Slides (Fisher Scientific) were coated with
0.01% poly-L-lysine overnight, rinsed 5 x with distilled H20 and allowed to dry overnight. The
slides were then coated with E-cadherin, N-cadherin or laminin substrate as described above.
Retinas were prepared as described above. Before placing the explant retinal ganglion side
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down onto the substrate coated slide, DiI crystals (Invitrogen) were placed on the tissue. Culture
medium containing serum was then added and explants were incubated for 20 hours.

For antibody inhibition studies, N-cadherin blocking antibody, NCD2 (Hatta and Takeichi,
1986) at a final concentration of 11 μg/ml, or E-Cadherin blocking antibody, goat anti-L-CAM
(chick E-cadherin) (Renaud-Young and Gallin, 2002) at a final concentration of 1 mg/ml. The
goat anti-L-CAM (chick E-cadherin) antibody was a kind gift from Drs. Bruce Cunningham
and Warren Gallin. The antibodies were added to the culture media in each substrate-coated
culture dish and incubated at room temperature for 30 minutes prior to addition of the explant.
Explants were incubated for 20 hours in the presence of the blocking antibody.

For viral perturbation studies, 7.5μl of replication-defective herpes simplex virus (HSV)
encoding green fluorescent protein (IRES-GFP), wildtype PTPμ (WT), antisense PTPμ (AS)
or catalytically inactive PTPμ (C–S), as previously described (Ensslen et al., 2003), in
RPMI-1640 alone was added at the time of explanting. The virus was allowed to incubate at
37°C for 2 hours. Culture media containing serum was then added. All explants were incubated
at 37°C for 20 hours, fixed in 4% paraformaldehyde, 0.1% glutaraldehyde and imaged.

For PTPμ inhibitor peptide studies, a PTPμ wedge peptide (WPTPμ-Tat) or scrambled control
(SPTPμ-Tat), was added as previously described (Xie et. al., 2006). A final concentration of
5.5 μM peptide was added at the time of explanting. Both peptides include a membrane-
penetrant Tat-derived sequence at the C terminus, which promotes cellular uptake of the peptide
(Wadia and Dowdy, 2002). All explants were incubated at 37°C for 20 hours, fixed in 4%
paraformaldehyde, 0.1% glutaraldehyde and imaged.

Retinal neuroepithelial cell infection
Embryonic day 6 RNE cultures were prepared as previously described (Burden-Gulley and
Brady-Kalnay, 1999). Briefly, E6 chick retinas were dissected in cold CMF and dissociated in
0.25% Trypsin, 4Na EDTA (Invitrogen) for 20 minutes at 37° shaking, followed by vigorous
trituration. Cells were resuspended, plated at a concentration of 5 x 105 and allowed to attach
overnight at 37° in RPMI-1640, 10% fetal bovine serum, 2% chick serum, 100 U/ml penicillin,
0.1mg/ml streptomycin, 0.025 μg/ml amphotericin. RNE cells were then infected with 2μl
PTPμ AS HSV or IRES-GFP HSV for 2 hours in RPMI-1640 alone, followed by 18 hours of
incubation in RPMI-1640, 10% fetal bovine serum, 2% chick serum, 100 U/ml penicillin,
0.1mg/ml streptomycin, 0.025 μg/ml amphotericin in the presence of HSV.

Quantitation of neurite outgrowth
Neurite outgrowth from specific regions of the retina was analyzed using a SPOT RT digital
camera and image acquisition software (Diagnostic Instruments, Inc., Sterling Heights, MI).
In short, the length of the five longest neurites per given area of the explant were measured
perpendicular to the explant tissue. To calculate neurite density, images were analyzed using
Metamorph software version 6.3r4 (Universal Imaging, Downington, PA). The data from all
similar experiments were combined, analyzed by Student’s t test and graphed (Microsoft Excel,
10.0.0 2001).
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Figure 1.
Immunoblot of E-cadherin, N-cadherin and PTPμ in the developing chick retina. Lysates from
nasal or temporal retina were prepared from E6, E8, E10 and E12 chicks, separated by SDS-
PAGE, transferred to nitrocellulose membrane, and probed with an antibody to E-cadherin, N-
cadherin or PTPμ (SK18). E-cadherin protein migrates at ~120 kDa, while N-cadherin migrates
at ~130 kDa. Full length PTPμ is ~200 kDa whereas the proteolyticaly processed form of
PTPμ containing the cytoplasmic domain migrates at ~100 kDa (Brady-Kalnay and Tonks,
1994). A 95 kDa immunoreactive band is also present. Each immunoblot was stripped and
reprobed with antibodies against vinculin to verify equal protein load.
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Figure 2.
Expression of E-cadherin in chick retina and optic tectum at E8. Coronal sections of E8 chick
retina (A–F) and sagittal sections of tectum (G, H) were immunohistochemicaly labeled with
antibodies against E-cadherin (A, B, G). The nuclei of each serial section were stained with
Hematoxylin (C, D, H). A no primary antibody control is shown (E, F) as an indicator of
background staining. E-cadherin expression is present in the retinal ganglion cells (A,
arrowheads). In the optic tectum, E-cadherin is also expressed (G). RGC, retinal ganglion cell
layer; RPE, retinal pigmented epithelium; P, posterior; D, dorsal; A, anterior; V, ventral; SGFS,
stratum grisium et fibrosum; SO, stratum opticum; NE, neuroepithelium. Scale bar (A) 200
μm, (F) 50 μm, (H) 500 μm.
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Figure 3.
E-cadherin promotes RGC neurite outgrowth at various stages of development. E6 (A), E8 (B)
and E10 (C) chick retinal explants were isolated and cultured on an E-cadherin substrate for
20 hours. Scale bar, 200 μm.
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Figure 4.
Growth Cone Morphology. DiI labeling demonstrates that growth cones on a laminin substrate
(A) appear to have small lamellipodia with few, short filopodia. Growth cones on an N-cadherin
substrate (B) have larger lamellipodia in addition to short filopodial processes. On an E-
cadherin substrate (C), growth cones have very large, broad lamellipodia with short filopodial
processes. Scale bar, 10 μm.
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Figure 5.
Neurite outgrowth on E-cadherin and laminin is independent of RGC cell body origin. Explants
from E8 chick retina were cut parallel to the optic fissure and explants from retina were cultured
on E-cadherin (B) or laminin (A) substrates. Images were acquired after 20 hours in culture
from a location corresponding to the outer third of each explant. Each number indicates the
explant number (e.g. 1 and 6 are most peripheral). Dorsal (D), ventral (V), nasal (N), temporal
(T). Scale bar, 200 μm.
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Figure 6.
E-cadherin-mediated neurite outgrowth is specifically blocked by E-cadherin adhesion
blocking antibodies. Retinal explants from E8 chick embryos were cultured on a laminin (A,
B, C), N-cadherin (D, E, F) or E-cadherin (G, H, I) substrate in the presence of adhesion
blocking antibodies to N-cadherin (B, E, H) or E-cadherin (C, F, I). Antibodies against N-
cadherin inhibited neurite outgrowth on an N-cadherin (E) substrate, whereas they had no effect
on neurite outgrowth on laminin (B) or E-cadherin (H) substrates. Similarly, antibodies against
E-cadherin inhibited neurite outgrowth on an E-cadherin (I) substrate, while they had no effect
on neurite outgrowth on laminin (C) or N-cadherin (F) substrates. Scale bar, 200μm.
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Figure 7.
PTPμ antisense HSV infection does not alter cadherin expression. E6 retinal neuroepithelial
cells were infected with IRES-GFP HSV or PTPμ AS HSV for 20 hours. Lysates from infected
RNE cells were separated by SDS-PAGE, transferred to a nitrocellulose membrane, and probed
with an antibody to E-cadherin, N-cadherin or PTPμ (SK15). Full-length (200-kDa) PTPμ
expression decreased by 64%, cleaved PTPμ (100 kDa) decreased by 59% and the 95 kDa band
decreased by 51% in the presence of PTPμ AS HSV, while there was no significant effect on
E- or N-cadherin expression as measured by densitometry. Each immunoblot was stripped,
reprobed with antibodies against vinculin to verify equal protein load, normalized to vinculin
and quantitated by densitometry.
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Figure 8.
PTPμ expression and catalytic activity is required for neurite outgrowth on N-cadherin and E-
cadherin. E8 chick retinal explants were infected with HSV encoding GFP control (A, E, I),
PTPμ WT (B, F, J), PTPμ AS (C, G, K) or PTPμ C–S (D, H, L) and cultured on laminin (A,
B, C, D), N-cadherin (E, F, G, H) or E-cadherin (I, J, K,L) substrates for 20 hours. No difference
in neurite length or density was observed in cultures infected with GFP, PTPμ WT, PTPμ AS,
or PTPμ C–S when cultured on laminin (A, B, C, D). Overexpression of PTPμ WT also had
no effect on laminin (B), N-cadherin (F) or E-cadherin (J) substrates. Infection with PTPμ AS
or PTPμ C–S resulted in a dramatic decrease in neurite outgrowth when cultured on N-cadherin
(G, H) or E-cadherin (K, L) substrates. Scale bar, 200 μm.
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Figure 9.
Quantitation of PTPμ perturbation on neurite outgrowth. Infection of E8 chick retinal explants
with HSV encoding GFP control (white bars) or PTPμ WT (gray bars), had no effect on laminin,
N-cadherin or E-cadherin-dependent neurite outgrowth. PTPμ AS HSV (black bars) infection
decreased neurite length (A) by 51% on N-cadherin and by 63% on E-cadherin substrates while
neurite density (B) decreased by 76% on N-cadherin and by 77% on E-cadherin. PTPμ C–S
HSV (hatched bars) infection also decreased neurite length (A) by 52% on N-cadherin and by
49% on E-cadherin substrates, while neurite density (B) decreased by 70% on N-cadherin and
by 79% on E-cadherin. PTPμ AS and PTPμ C–S HSV infection had no effect on laminin-
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dependent neurite outgrowth. Asterisk denotes statistically significant changes in neurite length
or density compared to control. n = 5 for laminin, n = 5 for N-cadherin, n = 6 for E-cadherin.
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Figure 10.
PTPμ-specific inhibitor peptide blocks neurite outgrowth on E-cadherin and N-cadherin. E8
chick retinal explants were cultured on laminin (A, B), N-cadherin (C, D), or E-cadherin (E,
F) substrates for 20 hours in the presence of either scrambled control (SPTPμ-Tat) (A, C, E)
or the PTPμ wedge peptide (WPTPμ-Tat) (B, D, F) at a final concentration of 5.5 μM. Cultures
incubated with WPTPμ-Tat had no effect on laminin-dependent neurite outgrowth (A) when
compared to SPTPμ-Tat control (B). Neurite length (G) decreased by 46% on N-cadherin and
by 80% on E-cadherin substrates, while neurite density (H) decreased by 84% on N-cadherin
and by 90% on E-cadherin in the presence of WPTPμ-Tat (hatched bars) when compared to
SPTPμ-Tat control (white bars). Asterisk denotes statistically significant changes in neurite
length or density compared to control. n = 4 for laminin, n = 5 for N-cadherin n =6 for E-
cadherin. Scale bar, 200 μm.
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