>
o
o
-
o
01]
-
—
L
(&)
T8
o
-
<
2
'
>
o
)
L
I
-

REPORT

Molecular dissection of the myelin-associated
glycoprotein receptor complex reveals cell type-
specific mechanisms for neurite outgrowth inhibition
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euronal Nogob6 receptor-1 (NgR1) binds the

myelin inhibitors NogoA, OMgp, and myelin-

associated glycoprotein (MAG) and has been
proposed fo function as the ligand-binding component of
a receptor complex that also includes Lingo-1, p75N™, or
TROY. In this study, we use Vibrio cholerae neuraminidase
(VCN) and mouse genetics to probe the molecular com-
position of the MAG receptor complex in postnatal refinal
ganglion cells (RGCs). We find that VCN treatment is not suf-
ficient to release MAG inhibition of RGCs; however, it does
attenuate MAG inhibition of cerebellar granule neurons.

Introduction

One well-characterized inhibitor of axonal growth is myelin-
associated glycoprotein (MAG), an Ig superfamily member ex-
pressed by myelinating glia (Filbin, 2003). In the central nervous
system (CNS), MAG is localized to periaxonal oligodendroglial
membranes of myelin sheaths and participates in axon—glia in-
teractions (Quarles, 2007). Germline ablation of MAG is not
sufficient to promote axonal regeneration in vivo (Bartsch et al.,
1995), but acute inactivation of MAG in retina-optic nerve cul-
tures leads to enhanced optic nerve regeneration (Wong et al.,
2003). In addition to its role as a regulator of neuronal growth,
MAG has also been shown to regulate the long-term stability
and integrity of axon-myelin associations in the optic nerve
(Bartsch et al., 1997) and other fiber systems (Pan et al., 2005).
The mechanisms that enable MAG to exert its pleiotropic effects
are not well understood and are only now starting to be defined.

MAG is a member of the Siglec family of sialic acid—
binding Ig-lectins with an ectodomain comprised of five Ig-like
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Furthermore, the loss of p75"N™® is not sufficient to re-
lease MAG inhibition of RGCs, but p75N™®~/~ dorsal
root ganglion neurons show enhanced growth on MAG
compared to wild-type controls. Interestingly, TROY is
not a functional substitute for p75"™ in RGCs. Finally,
NgR1=/~ RGCs are strongly inhibited by MAG. In the
presence of VCN, however, NgR1~/~ RGCs exhibit en-
hanced neurite growth. Collectively, our experiments
reveal distinct and cell type-specific mechanisms for
MAG-elicited growth inhibition.

repeats (Crocker, 2002). MAG binds to the neuronal cell surface
and inhibits growth in a sialic acid—dependent Vibrio cholerae
neuraminidase (VCN)-sensitive manner (Kelm et al., 1994;
DeBellard et al., 1996). Select gangliosides, including GD1a
and GT1b, support MAG binding in a sialic acid—dependent
manner, and postnatal cerebellar granule neurons (CGNs) iso-
lated from mice lacking complex gangliosides are substantially
less inhibited by MAG, indicating that gangliosides play an
important role in MAG inhibitory neuronal responses (Vyas
and Schnaar, 2001; Vyas et al., 2002). A soluble fusion protein
of MAG comprised of the first three Ig repeats, MAG(1-3)-Fc,
binds to neurons in a sialic acid—dependent manner but is not
sufficient to bring about inhibition (Tang et al., 1997). This
suggests that sialic acid—independent sites located in Ig repeats
4 or 5 of the MAG ectodomain are important for neurite out-
growth inhibition.

More recently, MAG has been found to interact with mem-
bers of the Nogo receptor family, including neuronal Nogo66
receptor (NgR)-1 and NgR2 (Domeniconi et al., 2002; Liu et al.,
2002; Venkatesh et al., 2005). NgR1 has been proposed to func-
tion as the ligand-binding component of a tripartite NgR1-
p75N™®_Lingo-1 receptor complex that signals MAG inhibition
(Wang et al., 2002; Yamashita et al., 2002; Mi et al., 2004).
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Upon MAG binding to the neuronal cell surface, p75~™® under-
goes a- and +y-secretase—dependent proteolytic cleavage, and
processing of p75N™® is important for RhoA activation and sub-
sequent inhibition of neurite outgrowth (Domeniconi et al.,
2005). Similar to p75N™®, the structurally related protein TROY
associates with NgR1 and Lingo- 1. In the mature CNS, p75N™®
expression is restricted, and TROY has been proposed to serve
as a functional substitute in neurons that lack p75"™ (Park
et al., 2005; Shao et al., 2005). In spite of the growing number
of cell surface receptor components implicated in MAG inhibi-
tion, their role and relative contribution to growth inhibition in
different cell types has not yet been examined. In this study, we
provide evidence that MAG uses distinct and cell type—specific
mechanisms to signal growth inhibition in different neuronal
cell types, a finding that may have important implications for
the development of strategies aimed at promoting neural repair
after CNS injury.

Neurite outgrowth of postnatal retinal ganglion cells (RGCs),
a population of myelinated CNS neurons, is strongly inhibited
by MAG. On CHO-MAG feeder cells, Thy-1-immunopanned
RGCs from postnatal day (P) 7-10 rat retina are strongly inhib-
ited (neurite length = 10.2 * 0.6 wm) compared with control
CHO cocultures (neurite length = 26.0 = 1.6 um). To examine
whether sialoglycans are important for MAG-mediated inhibition

of RGCs, cultures were treated with increasing concentra-
tions of VCN to remove cell surface terminal sialic acids (Fig. 1,
A and B). Interestingly, neurite length on CHO-MAG cells
is not significantly enhanced in the presence of VCN either at
2.5(11.6 £ 0.7 pm; P = 0.427) or 5.0 mU/ml (11.5 £ 1.3 pm;
P = 0.569) of enzyme when compared with CHO-MAG control
cultures not treated with VCN (10.2 = 0.6 wm). Increasing
the VCN dose to 7.5 mU/ml inhibits the growth of RGCs and
results in significantly reduced neurite length on control CHO
cells (20.9 = 1.9 wm; P = 0.012). Together, our results suggest
that sialoglycan-independent mechanisms are sufficient for MAG
inhibition of RGCs.

As an additional cell type to examine whether the loss of
terminal sialic acids is important for MAG inhibition, we used
rat P7-8 CGNs. Neurite outgrowth of CGNs cultured on CHO-
MAG cells (19.0 = 0.8 pm) is strongly inhibited compared
with CGNs grown on CHO cells (38.6 = 1.3 pm). Consistent
with a previous study (Vyas et al., 2002), we found that in the
presence of 7.5 mU/ml VCN, neurite length on CHO-MAG is
significantly increased (25.0 £ 1.3 pwm) compared with un-
treated CGNs on CHO-MAG (19.0 = 0.8 pm; P < 0.001).
Neurite outgrowth on CHO cells is not significantly altered in the
presence (38.9 = 1.6 pm) or absence of VCN (38.6 = 1.3 pm;
P = 0.838). Increasing the VCN dose to 15 mU/ml did not lead
to any further promotion of the neurite growth of CGNs on
CHO-MAG (Fig. 1, C and D; and not depicted). To assess VCN
activity, we took advantage of a previous observation that
NgR1 and NgR2 show a VCN-dependent drop in molecular
weight (Venkatesh et al., 2005). Because of the limited yield of
immunopanned RGCs, hippocampal neurons were treated for

*

Figure 1. Cell type-specific requirement of terminal sialic
acids for MAG inhibition. (A-D) P7-10 rat retinal (RGCs; A)
and P7-8 rat cerebellar (CGNSs; C) neurons were plated on
CHO (white bars) or CHO-MAG (black bars) feeder layers.
VCN was added to the culture medium at the indicated con-
centrations. (B and D) Quantification of the neurite length of
Tu)1-stained cultures. The number of neurites measured for
each condition is indicated in parentheses. Results are pre-
sented as mean neurite length = SEM (error bars). One-way
analysis of variance with posthoc pairwise comparisons
(Holm-Sidak method). *, P < 0.001. (E) To assess whether
VCN treatment of primary neurons results in a loss of terminal
sialic acids, hippocampal neurons treated for 4 h with 2.5
mU/ml VCN were lysed, separated by SDS-PAGE, and sub-
jected to anti-NgR1 immunoblotting. In the absence of VCN,
NgR1 runs at an apparent molecular mass of 65 kD. Upon
VCN treatment, an ~3.0kD drop in the molecular mass of
NgR1 is observed, confirming that terminal sialic acids were
removed successfully. Bars, 50 um.
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4 h with 2.5 mU/ml VCN. Immunoblotting of lysed cells
showed an ~3-kD shift in the molecular mass of NgR1, indi-
cating that terminal sialic acid moieties were removed success-
fully (Fig. 1 E). In addition, we show that VCN treatment of
feeder cells does not change neuronal growth behavior (Fig.
S1, A and B; available at http://www.jcb.org/cgi/content/full/
jcb.200702102/DC1). Together, our results provide evidence
for a neuronal cell type—specific requirement of terminal sialic
acids for MAG inhibition.

To begin to address whether previously identified protein com-
ponents of the MAG receptor complex are necessary for neurite
outgrowth inhibition, RGCs from wild-type and p75"*-
deficient mice were assayed for MAG responsiveness (Fig. 2).
On CHO cells, the neurite length of wild-type (33.8 = 1.8 wm)
and p75M%~~ RGCs (33.1 * 1.7 wm) is indistinguishable.
Furthermore, on CHO-MAG cells, the neurite length of wild-
type (15.0 = 0.9 wm) and p75""* " RGCs (15.2 * 1.0 pum) is
very similar (Fig. 2, A and B). Statistical analysis revealed no
significant difference in neurite length between the two geno-
types (P = 0.929).

In a parallel approach, we examined MAG inhibition of
wild-type and p75""®~~ dorsal root ganglion (DRG) neurons.

On CHO control cells, the neurite length of wild-type (79.9 =
2.5 pm) and p75"*~~ (78.6 + 2.8 wm) DRG neurons is
comparable. Consistent with previous studies (Wang et al.,
2002; Yamashita et al., 2002), we found that postnatal DRG
neurons from p75™* mutants (64.8 + 1.8 wm) are disinhib-
ited on MAG compared with wild-type controls (53.4 = 1.7
wm; Fig. 2, C and D). The disinhibition of p75"™~/~ neurons
is statistically significant (P < 0.001) but still incomplete,
and fiber length is decreased compared with CHO control
cultures. Previously, it was reported that CGNs of p75"™%~/~
and wild-type mice show strong and comparable inhibition
on crude CNS myelin (Zheng et al., 2005). To expand on this
study, we examined the importance of p75"™® in the MAG-
mediated inhibition of CGNs. On CHO-MAG cells, wild-type
(14.4 = 0.7 pm) and p75"*-deficient (12.0 * 0.4 wum) CGNs
are both strongly inhibited (Fig. S2, A and B; available
at http://www.jcb.org/cgi/content/full/jcb.200702102/DC1).
On CHO cells, the neurite length of wild-type (28.3 = 1.0 wm)
and p75"™~~ (30.7 = 0.8 wm) CGNs is comparable. Impor-
tantly, in the presence of the Rho kinase inhibitor Y27632 or
dibutyryl-cAMP, the MAG inhibition of p75"™-deficient
CGNss is completely released (Fig. S2 B). Together, our find-
ings suggest that MAG inhibits the growth of RGCs and
CGNs through activation of the RhoA pathway in a p75™%-
independent manner.
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Although p75" is strongly expressed in postnatal CGNs, there
is little, if any, p75"® present in postnatal and adult RGCs
either in steady state (Hu et al., 1998) or after optic nerve injury
(Hu et al., 1999; Hirsch et al., 2000). In neurons that lack
p75~™R, the TNF receptor family member TROY has been pro-
posed to serve as a functional substitute (Park et al., 2005; Shao
et al., 2005). Because TROY is expressed in RGCs (Park et al.,
2005), we asked whether TROY-deficient RGCs are less responsive
to MAG inhibition. As shown in Fig. 2 (E and F), neurite out-
growth of RGCs isolated from P8 TROY mutant (10.4 = 0.8 wm)
and wild-type (10.8 £ 0.8 wm) pups is strongly inhibited by
MAG. No significant difference in neurite length was observed
between TROY /™ (34.4 + 2.4 um) and wild-type (32.2 = 1.8 wm)
RGCs plated on CHO cells (P = 0.305). In a parallel experi-
ment, we examined the MAG responsiveness of CGNs isolated
from TROY "~ mice and found no significant release of growth
inhibition (P = 0.689; Fig. S2, C and D). Together, these find-
ings suggest that TROY does not serve as a functional substitute
for p75N™ in RGCs and is not necessary to bring about MAG
inhibition in RGCs or CGNs.

Next, we assessed the role of NgR/ in the MAG-mediated inhi-
bition of RGCs (Fig. 3). When plated on CHO cells, neurite out-
growth of wild-type RGCs (29.5 = 1.8 pwm) and NgRI ™~ RGCs
(24.7 = 1.4 um) is robust, but NgRI ™~ RGC neurite length is
decreased by 16.3% compared with wild-type littermate con-
trols. Although there was a statistically significant difference
between wild-type and NgRI™~ RGC neurite outgrowth on
control CHO cells (P = 0.006), the percent outgrowth inhibition

of wild-type (57%) and NgRI~~ RGCs (60%) on CHO-MAG
cells is very similar (Fig. 3 B). On CHO-MAG cells, the neurite
length of NgR1™~ RGCs (9.8 = 0.7 wm) is decreased compared
with wild-type RGCs (12.0 = 0.8 wm; Fig. 3 C), suggesting that
the reduced growth of NgRI ™/~ RGCs is substrate independent.
Thus, compared with wild-type RGCs, NgRI~~ RGCs do not
display enhanced fiber growth in the presence of MAG.

To expand on this observation, we considered the possi-
bility that MAG uses multiple and perhaps independent path-
ways to signal growth inhibition. Consistent with this idea, we
found that the combined loss of terminal sialic acids and NgR/
in RGCs leads to a significant increase in neurite length on
CHO-MAG cells compared with untreated controls (Fig. 3 C).
On CHO-MAG cells, the neurite length of NgRI-null RGCs in-
creases significantly from 9.8 £ 0.7 to 14.1 £ 1.2 pwm after
VCN treatment (P = 0.036). MAG inhibition of wild-type
RGCs treated with VCN is not significantly attenuated (P =
0.108). Importantly, the release of MAG inhibition of NgRI-
deficient neurons treated with VCN is significant but not com-
plete. This suggests the existence of additional mechanisms for
MAG inhibition in RGCs. Importantly, in the presence of the
Rho kinase inhibitor Y27632 or dibutyryl-cAMP, MAG inhibi-
tion of RGCs is fully released (Fig. S3, available at http://www
.jeb.org/cgi/content/full/jcb.200702102/DC1). Together, our data
imply that there are multiple and independent pathways for
MAG to bring about neurite outgrowth inhibition in RGCs.

In this study, we used a mouse genetic approach combined with
the enzymatic removal of terminal sialic acid moieties to dissect
the molecular composition of the neuronal receptor complex
that signals MAG inhibition. The principal findings of our study
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(A) P7-10 RGCs from wild4ype (NgR1*/*;
white bars) or mutant (NgR1~/~; striped bars)
mice were cultured on CHO or CHO-MAG cells
in the presence or absence of VCN and stained
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vealed no difference in MAG inhibition be-
tween NgR1~/~ and wildtype RGCs. (C)
Quantification of the neurite length of VCN-
treated cultures revealed an additive effect of
VCN and the loss of NgRT~/~ in overcoming
MAG inhibition. The number of neurites meas-
ured for each condition is indicated in paren-
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length = SEM (error bars). One-way analysis
of variance with posthoc pairwise comparisons
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are as follows: (1) loss of terminal sialic acids in CGNs but not
RGCs is sufficient to attenuate MAG inhibition; (2) in DRG
neurons but not in RGCs or CGNs, p75"™ is important for
MAG-elicited inhibition; (3) TROY-deficient RGCs and CGNs
are strongly inhibited by MAG; and (4) loss of NgRI in RGCs
is not sufficient to attenuate MAG inhibition, but the combined
loss of NgR1 and terminal sialic acids in RGCs attenuates MAG
inhibition. Based on these observations, we conclude that MAG
uses distinct and cell type—specific mechanisms to signal neu-
rite outgrowth inhibition.

The neuronal distribution of receptor components impli-
cated in MAG inhibitory signaling is distinct and only partially
overlapping (Pioro and Cuello, 1990a,b; Lauren et al., 2003;
Park et al., 2005; Venkatesh et al., 2005; Barrette et al., 2007;
Satoh et al., 2007). When coupled with previous findings that
MAG inhibits a broad spectrum of postnatal neurons (DeBellard
et al., 1996), this implies the existence of distinct and perhaps
cell type—specific mechanisms for MAG inhibition. Initially,
our studies focused on RGCs, a population of heavily myelin-
ated neurons. Remarkably, neither the loss of sialoglycans nor
individual components of the NgR1 receptor complex alone is
sufficient to overcome MAG inhibition in RGCs. Interestingly,
when combined with VCN treatment, the loss of NgRI in RGCs
leads to a significant disinhibition on MAG substrate (P =
0.036). The release of inhibition in VCN-treated NgR1 "~ RGCs
is still incomplete when compared with CHO control cultures.
We conclude that neither the selective loss of NgRI nor the en-
zymatic cleavage of sialoglycans alone is sufficient to overcome
MAG inhibition of RGCs. When combined, however, enzy-
matic removal of terminal sialic acids unmasks a contribution
of NgRI in MAG inhibition. This suggests that NgR1 and sialo-
glycans function independently and in redundant signaling
pathways to bring about MAG inhibition.

Nogo receptors and terminal sialic acids
participate in MAG inhibition

Select gangliosides and the neuronal glycoproteins NgR1 and
NgR2 have been shown to support MAG binding in a sialic
acid—dependent manner. Functional studies revealed that CGNs
treated with VCN or CGNs isolated from mice deficient for
complex gangliosides are more resistant to MAG inhibition
(DeBellard et al., 1996; Vyas et al., 2002). Previously, it has
been found that the first three Ig repeats of MAG bind to neu-
rons in a sialic acid—dependent manner but are not sufficient to
inhibit growth (Tang et al., 1997).

In spite of the broad distribution of MAG-binding ganglio-
sides, we find that enzymatic removal of terminal sialic acids is
not sufficient to attenuate the MAG inhibition of RGCs. This is
in marked contrast to CGNs, a neuronal cell type in which the
enzymatic removal of terminal sialic acids substantially attenu-
ates MAG inhibition (Vyas et al., 2002). The differences in
MAG inhibition observed between VCN-treated CGNs and
RGCs is unexpected and suggests that MAG uses cell type—
specific mechanisms to bring about inhibition. When compared
with RGCs, CGNs are a population of largely unmyelinated
neurons that express low levels of NgR1 and lack NgR2 pro-
tein expression (Venkatesh et al., 2005; Zheng et al., 2005).

This suggests that Nogo receptors play a minor role, if any, in
the MAG-mediated inhibition of CGNs. In RGCs, however,
NgR1 and NgR2 are more abundantly expressed, providing a
potential explanation for why the selective loss of terminal si-
alic acids in RGCs is not sufficient to attenuate MAG inhibition.
In this model, NgR1 and NgR2 would have to participate in
MAG inhibition in the absence of terminal sialic acids. Consis-
tent with this idea, NgR1 and NgR2 both harbor multiple MAG
docking sites, including sialic acid—dependent as well as sialic
acid—independent sites (Venkatesh et al., 2005). We propose
that in the presence of VCN, sialic acid-independent mecha-
nisms of NgR1 and NgR2 are sufficient to bring about MAG in-
hibition. Furthermore, the incomplete release of MAG inhibition
in VCN-treated NgRI-null RGCs may be a reflection of NgR2-
dependent mechanisms. Consistent with the finding that
p75MR="" and TROY '~ RGCs are still inhibited by MAG, NgR2
does not support the binding of p75~™ or TROY (unpublished
data), suggesting novel, as yet unidentified signal transduction
mechanisms for NgR2. Future studies are needed to determine
whether the loss of MAG-binding gangliosides combined with the
functional ablation of NgR1 and NgR?2 is sufficient to fully over-
come MAG inhibition in RGCs and other neuronal cell types.

Limited role of the TNF receptor
family members p7Z5"™® and TROY
in MAG inhibition
The transmembrane-spanning proteins Lingo-1, p75™'™®, and
TROY have been identified as the signal transducing compo-
nents in the NgR1 receptor complex. Upon MAG binding to the
neuronal cell surface, p75"™ undergoes regulated intramem-
brane proteolysis, and release of the intracellular domain of
p75N™ is important for RhoA activation and inhibition of neu-
rite outgrowth (Domeniconi et al., 2005). Our functional studies
with p75""®_deficient neurons revealed that p75™™® is important
in DRG neurons but not in RGCs or CGNs for MAG inhibition
(Figs. 2 and S2). This suggests a more limited and cell type—
specific requirement for p75N™. Commensurate with this obser-
vation, an independent study (Zheng et al., 2005) found that
p75"R_deficient DRG neurons are more resistant to CNS my-
elin inhibition than wild-type littermate controls. Under similar
experimental conditions, no difference in inhibition between
CGNs of wild-type and p75"®-deficient mice was observed
(Zheng et al., 2005). In the present study, we expand on these
findings by showing that p75"* in DRG neurons but not in
CGNs participates in MAG inhibition. It is of interest that
p75"R="~ CGNs are disinhibited on Nogo66 but not on MAG
substrate (Zheng et al., 2005), This suggests that Nogo66 and
MAG use distinct receptor systems to bring about growth inhi-
bition. Because CGNs do not express the MAG-specific recep-
tor NgR2, the mechanism used by MAG to inhibit the growth of
p75"®=/~ CGNs is unknown.

RGCs express low levels of p75™™®, and, after injury to the
optic nerve, p75N™® is not up-regulated in RGCs (Hu et al., 1998,
1999; Hirsch et al., 2000). Consistent with this, RGCs from
p75"™® mice are strongly inhibited by MAG. TROY is expressed
in RGCs and has been proposed to serve as a functional substitute
in neurons that lack p75"® (Park et al., 2005; Shao et al., 2005).
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However, similar to wild-type controls, TROY ™~ RGCs are
strongly inhibited by MAG. This suggests that in RGCs, TROY
does not serve as a functional substitute for p75N™®, a cell type
that normally lacks p75"™ expression. Consistent with our
functional studies, it was recently reported that TROY has a re-
stricted neuronal expression in the adult mouse CNS (Barrette
et al., 2007).

Implications for axonal regeneration

after CNS injury

Commensurate with its pleiotropic effects, a growing number of
MAG receptors has been identified. However, their relative con-
tribution to MAG-elicited outgrowth inhibition has not yet been
examined systematically. In this study, we provide evidence for
cell type—specific mechanisms for MAG-elicited growth inhibi-
tion, an observation that may have important implications for
the development of strategies aimed at overcoming the growth
inhibitory barrier of adult CNS myelin. We propose that depend-
ing on the CNS fiber tracts injured, cell type—specific strategies
may be needed to promote axonal growth and regeneration.
It has not yet been examined whether other myelin inhibitors,
including Nogo-A and OMgp, use cell type—specific mecha-
nisms to inhibit neuronal growth. The lack of robust regenera-
tive growth in spinal cord—injured mice with germline ablation
of individual receptor components (Kim et al., 2004; Song
et al., 2004; Zheng et al., 2005; Cafferty and Strittmatter, 2006)
or myelin inhibitory proteins (Bartsch et al., 1995; Kim et al.,
2003; Simonen et al., 2003; Zheng et al., 2003) suggests that
multiple and at least partially redundant mechanisms exist to
bring about CNS myelin inhibition. Our studies also provide
evidence that within a specific neuronal cell type, multiple and
partially redundant pathways contribute to MAG inhibition.
Based on these findings, the existence of one major cell surface
receptor system that serves as a convergence point for multiple
myelin inhibitors appears unlikely. Additional studies are needed
to determine whether the combined loss of multiple receptors or
the ablation of multiple growth inhibitors leads to a more robust
neuronal growth response in vitro and after CNS injury in vivo.

Materials and methods

Mice and neurite outgrowth assays

Mice mutant for NgR1 (provided by M. Tessier-Lavigne, Genentech, South
San Francisco, CA; Zheng et al., 2005), p75"™® (provided by H. Federoff,
Adb Institute for Biomedical Research, Rochester, NY; Lee et al., 1992),
and TROY (Shao et al., 2005) have been described previously. To assay
MAG-mediated growth inhibition, primary neurons were cultured on con-
fluent monolayers of CHO cells that either express recombinant long MAG
on their surface or on CHO cells lacking long MAG (Mukhopadhyay et al.,
1994). P7-8 rat and mouse CGNs were purified in a discontinuous Percoll
gradient (Hatten, 1985). P14 mouse DRG neurons were dissected and in-
cubated in 0.05% trypsin and 0.1% collagenase, triturated, and cultured
in SATO" medium for 18-20 h (Venkatesh et al., 2005). RGCs were iso-
lated by anti-Thy1 immunopanning (Barres et al., 1988). In brief, P7-10
rat or mouse refina was dissected in DME (Cellgro). Refinae were digested
in 2 ml DME and 30 pl papain solution (10 U/ml; MP Biomedicals) for
30 min at 37°C. The papain was removed by three washes in DME/10% FBS.
The cell suspension was then plated onto 60-mm nontissue culture-coated
Petri dishes that were precoated with goat anti-mouse IgG (Jackson Immuno-
Research Laboratories) and anti-Thy1.1 (Serotec, Inc.) for rat or goat
anti-mouse IgM (Chemicon) and with anti-Thy1.2 (Sigma-Aldrich) for
mouse RGCs. After a 1-h incubation at room temperature, unbound cells
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were removed by several rinses in PBS. Bound cells were lifted using
0.125% trypsin/EDTA and were washed three times in DME/10% FBS.
Cells were resuspended in SATO" medium, plated on CHO feeder layers,
and cultured for 20-24 h before fixation (Venkatesh et al., 2005). Rho
kinase inhibitor (Y27632; Calbiochem), dibutyrylcAMP (Sigma-Aldrich),
and VCN (Calbiochem) were used at the concentrations indicated and
directly added to the culture medium at the time of plating. VCN preferen-
tially cleaves a2-3-, a2-6—, and, to a lesser extent, a2-8-linked terminal
sialic acids. The loss of sialic acids in VCN-reated neurons results in a
molecular weight shift of NgR1 that was assessed by immunoblotting as
described previously (Venkatesh et al., 2005).

Quantitative analysis of neurite length

Quantification of neurite outgrowth was performed as described previously
(Venkatesh et al., 2005). In brief, cultures were fixed in 4% PFA and
blocked in 1% horse serum and 0.1% Triton X-100 in PBS, and neurons
were stained with anti—class Il B-tubulin antibody (Tu)1; Promega). Images
were taken using an inverfed microscope (IX71; Olympus) attached to a
digital camera (DP70; Olympus), and neurite length was quantified using
UTHSCSA ImageTool for Windows. For quantification of neurite outgrowth,
processes equal or longer to approximately one cell body diameter were
measured. For all experiments, the mean and SEM of neurite length was
defermined from multiple independent experiments. Several independent
experiments were performed for quantification of the neurite length of pri-
mary neurons isolated from the following mice: p75™® mice (DRGs, n = 3
[+/+]and n =3 (-/-); CGNs, n = 5 [+/+] and n = 5 [-/-]; and
RGCs, n =6 [+/+] and n = 8 [-/—]), TROY mice (RGCs, n = 3 [+/+]
andn=3[-/-];and CGNs, n=2[+/+] and n = 3 [-/-]), and NgR1
mice (RGCs, n = 5 [+/+] and n = 4 [—/-]). For quantification of the
neurite length of mouse RGCs treated with 5 mU VCN, several indepen-
dent experiments were performed: n =5 (NgR1%/*) and n = 4 (NgR1~/").
RGCs from NgR1 wild-type (+/+) and heterozygous (+/—) mice behave
similarly in neurite outgrowth assays and were included as controls in some
experiments. All data were analyzed using one-way analysis of variance
followed by Dunn’s or Holm-Sidak posthoc comparisons. All statistics were
performed using SigmaStat 3.0 for Windows (Systat Software).

Online supplemental material

Fig. S1 shows that the loss of cell surface sialic acid moieties on feeder
cells does not alter neuronal growth behavior. Fig. S2 shows that p75N™®
and TROY are not necessary for MAG-mediated inhibition of CGNGs. Fig.
S3 shows that MAG inhibition of RGCs is released in the presence of Rho
kinase inhibitor or dibutyryl-lcAMP. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200702102/DC1.

We thank D. Welch and R. Geary for excellent technical assistance, R.
Schnaar (The Johns Hopkins University School of Medicine, Baltimore, MD)
for CHO-MAG and CHO cell lines, H. Federoff for p/5N™ mice, M. Tessier-
Lavigne for NgR T mice, and S. Mi for access to TROY mice.

This work was supported by the National Insfitutes of Health fraining
grant T32 MHO65181 [to O. Chivatakarn), Ruth Kirschstein Predoctoral grant
NRSA F31 NS07489 [io K. Venkatesh), the New York State Spinal Cord
Injury Research Program, the Dr. Miriam and Sheldon G. Adelson Medical
Research Foundation’s Adelson Program in Neural Repair and Rehabilitation,
the Sam Schmidt Paralysis Foundation, the Christopher Reeve Paralysis Foun-
dation, and National Institute of Neurological Disorders and Stroke grant

NS047333 (to RJ. Giger).

Submitted: 16 February 2007
Accepted: 26 March 2007

References

Barres, B.A., B.E. Silverstein, D.P. Corey, and L.L. Chun. 1988. Immunological,
morphological, and electrophysiological variation among retinal ganglion
cells purified by panning. Neuron. 1:791-803.

Barrette, B., N. Vallieres, M. Dube, and S. Lacroix. 2007. Expression profile of
receptors for myelin-associated inhibitors of axonal regeneration in the
intact and injured mouse central nervous system. Mol. Cell. Neurosci.
34:519-538.

Bartsch, S., D. Montag, M. Schachner, and U. Bartsch. 1997. Increased number
of unmyelinated axons in optic nerves of adult mice deficient in the myelin-
associated glycoprotein (MAG). Brain Res. 762:231-234.

Bartsch, U., C.E. Bandtlow, L. Schnell, S. Bartsch, A.A. Spillmann, B.P. Rubin,
R. Hillenbrand, D. Montag, M.E. Schwab, and M. Schachner. 1995. Lack of



evidence that myelin-associated glycoprotein is a major inhibitor of
axonal regeneration in the CNS. Neuron. 15:1375-1381.

Cafferty, W.B., and S.M. Strittmatter. 2006. The Nogo-Nogo receptor path-
way limits a spectrum of adult CNS axonal growth. J. Neurosci.
26:12242-12250.

Crocker, PR. 2002. Siglecs: sialic-acid-binding immunoglobulin-like lec-
tins in cell-cell interactions and signalling. Curr. Opin. Struct. Biol.
12:609-615.

DeBellard, M.E., S. Tang, G. Mukhopadhyay, Y.J. Shen, and M.T. Filbin. 1996.
Myelin-associated glycoprotein inhibits axonal regeneration from a
variety of neurons via interaction with a sialoglycoprotein. Mol. Cell.
Neurosci. 7:89-101.

Domeniconi, M., Z. Cao, T. Spencer, R. Sivasankaran, K. Wang, E. Nikulina, N.
Kimura, H. Cai, K. Deng, Y. Gao, et al. 2002. Myelin-associated glyco-
protein interacts with the Nogo66 receptor to inhibit neurite outgrowth.
Neuron. 35:283-290.

Domeniconi, M., N. Zampieri, T. Spencer, M. Hilaire, W. Mellado, M.V. Chao,
and M.T. Filbin. 2005. MAG induces regulated intramembrane proteol-
ysis of the p75 neurotrophin receptor to inhibit neurite outgrowth. Neuron.
46:849-855.

Filbin, M.T. 2003. Myelin-associated inhibitors of axonal regeneration in the
adult mammalian CNS. Nat. Rev. Neurosci. 4:703-713.

Hatten, M.E. 1985. Neuronal regulation of astroglial morphology and prolifera-
tion in vitro. J. Cell Biol. 100:384-396.

Hirsch, S., M. Labes, and M. Bahr. 2000. Changes in BDNF and neurotrophin
receptor expression in degenerating and regenerating rat retinal ganglion
cells. Restor. Neurol. Neurosci. 17:125-134.

Hu, B., H.K. Yip, and K.F. So. 1998. Localization of p75 neurotrophin receptor
in the retina of the adult SD rat: an immunocytochemical study at light
and electron microscopic levels. Glia. 24:187-197.

Hu, B., H.K. Yip, and K.F. So. 1999. Expression of p75 neurotrophin receptor in
the injured and regenerating rat retina. Neuroreport. 10:1293-1297.

Kelm, S., A. Pelz, R. Schauer, M.T. Filbin, S. Tang, M.E. de Bellard, R.L.
Schnaar, J.A. Mahoney, A. Hartnell, P. Bradfield, and P.R. Crocker. 1994.
Sialoadhesin, myelin-associated glycoprotein and CD22 define a new
family of sialic acid-dependent adhesion molecules of the immunoglobulin
superfamily. Curr. Biol. 4:965-972.

Kim, J.E., S. Li, T. GrandPre, D. Qiu, and S.M. Strittmatter. 2003. Axon regen-
eration in young adult mice lacking Nogo-A/B. Neuron. 38:187-199.

Kim, J.E., B.P. Liu, J.H. Park, and S.M. Strittmatter. 2004. Nogo-66 receptor pre-
vents raphespinal and rubrospinal axon regeneration and limits functional
recovery from spinal cord injury. Neuron. 44:439-451.

Lauren, J., M.S. Airaksinen, M. Saarma, and T. Timmusk. 2003. Two novel
mammalian Nogo receptor homologs differentially expressed in the cen-
tral and peripheral nervous systems. Mol. Cell. Neurosci. 24:581-594.

Lee, K.F, E. Li, L.J. Huber, S.C. Landis, A.H. Sharpe, M.V. Chao, and R.
Jaenisch. 1992. Targeted mutation of the gene encoding the low affinity
NGEF receptor p75 leads to deficits in the peripheral sensory nervous system.
Cell. 69:737-749.

Liu, B.P, A. Fournier, T. GrandPre, and S.M. Strittmatter. 2002. Myelin-
associated glycoprotein as a functional ligand for the Nogo-66 receptor.
Science. 297:1190-1193.

Mi, S., X. Lee, Z. Shao, G. Thill, B. Ji, J. Relton, M. Levesque, N. Allaire, S.
Perrin, B. Sands, et al. 2004. LINGO-1 is a component of the Nogo-66
receptor/p75 signaling complex. Nat. Neurosci. 7:221-228.

Mukhopadhyay, G., P. Doherty, E.S. Walsh, P.R. Crocker, and M.T. Filbin. 1994.
A novel role for myelin-associated glycoprotein as an inhibitor of axonal
regeneration. Neuron. 13:757-767.

Pan, B., S.E. Fromholt, E.J. Hess, T.O. Crawford, J.W. Griffin, K.A. Sheikh, and
R.L. Schnaar. 2005. Myelin-associated glycoprotein and complementary
axonal ligands, gangliosides, mediate axon stability in the CNS and PNS:
neuropathology and behavioral deficits in single- and double-null mice.
Exp. Neurol. 195:208-217.

Park, J.B., G. Yiu, S. Kaneko, J. Wang, J. Chang, X.L. He, K.C. Garcia, and Z.
He. 2005. A TNF receptor family member, TROY, is a coreceptor with
Nogo receptor in mediating the inhibitory activity of myelin inhibitors.
Neuron. 45:345-351.

Pioro, E.P,, and A.C. Cuello. 1990a. Distribution of nerve growth factor receptor-
like immunoreactivity in the adult rat central nervous system. Effect
of colchicine and correlation with the cholinergic system-I. Forebrain.
Neuroscience. 34:57-87.

Pioro, E.P,, and A.C. Cuello. 1990b. Distribution of nerve growth factor receptor-
like immunoreactivity in the adult rat central nervous system. Effect of
colchicine and correlation with the cholinergic system-II. Brainstem,
cerebellum and spinal cord. Neuroscience. 34:89-110.

Quarles, R.H. 2007. Myelin-associated glycoprotein (MAG): past, present and
beyond. J. Neurochem. 100:1431-1448.

Satoh, J., H. Tabunoki, T. Yamamura, K. Arima, and H. Konno. 2007. TROY and
LINGO-1 expression in astrocytes and macrophages/microglia in mul-
tiple sclerosis lesions. Neuropathol. Appl. Neurobiol. 33:99-107.

Shao, Z., J.L.. Browning, X. Lee, M.L. Scott, S. Shulga-Morskaya, N. Allaire,
G. Thill, M. Levesque, D. Sah, .M. McCoy, et al. 2005. TAJ/TROY, an
orphan TNF receptor family member, binds Nogo-66 receptor 1 and regu-
lates axonal regeneration. Neuron. 45:353-359.

Simonen, M., V. Pedersen, O. Weinmann, L. Schnell, A. Buss, B. Ledermann, F.
Christ, G. Sansig, H. van der Putten, and M.E. Schwab. 2003. Systemic
deletion of the myelin-associated outgrowth inhibitor Nogo-A improves
regenerative and plastic responses after spinal cord injury. Neuron.
38:201-211.

Song, X.Y., J.H. Zhong, X. Wang, and X.F. Zhou. 2004. Suppression of p7SNTR
does not promote regeneration of injured spinal cord in mice. J. Neurosci.
24:542-546.

Tang, S., Y.J. Shen, M.E. DeBellard, G. Mukhopadhyay, J.L. Salzer, PR.
Crocker, and M.T. Filbin. 1997. Myelin-associated glycoprotein interacts
with neurons via a sialic acid binding site at ARG118 and a distinct neu-
rite inhibition site. J. Cell Biol. 138:1355-1366.

Venkatesh, K., O. Chivatakarn, H. Lee, P.S. Joshi, D.B. Kantor, B.A. Newman, R.
Mage, C. Rader, and R.J. Giger. 2005. The Nogo-66 receptor homologue
NgR2 is a sialic acid-dependent receptor selective for myelin-associated
glycoprotein. J. Neurosci. 25:808-822.

Vyas, A.A.,, and R.L. Schnaar. 2001. Brain gangliosides: functional ligands
for myelin stability and the control of nerve regeneration. Biochimie.
83:677-682.

Vyas, A.A., H.V. Patel, S.E. Fromholt, M. Heffer-Lauc, K.A. Vyas, J. Dang, M.
Schachner, and R.L. Schnaar. 2002. Gangliosides are functional nerve
cell ligands for myelin-associated glycoprotein (MAG), an inhibitor of
nerve regeneration. Proc. Natl. Acad. Sci. USA. 99:8412-8417.

Wang, K.C., J.A. Kim, R. Sivasankaran, R. Segal, and Z. He. 2002. p75 inter-
acts with the Nogo receptor as a co-receptor for Nogo, MAG and OMgp.
Nature. 420:74-78.

Wong, E.V., S. David, M.H. Jacob, and D.G. Jay. 2003. Inactivation of myelin-
associated glycoprotein enhances optic nerve regeneration. J. Neurosci.
23:3112-3117.

Yamashita, T., H. Higuchi, and M. Tohyama. 2002. The p75 receptor transduces
the signal from myelin-associated glycoprotein to Rho. J. Cell Biol.
157:565-570.

Zheng, B., C. Ho, S. Li, H. Keirstead, O. Steward, and M. Tessier-Lavigne. 2003.
Lack of enhanced spinal regeneration in Nogo-deficient mice. Neuron.
38:213-224.

Zheng, B., J. Atwal, C. Ho, L. Case, X.L. He, K.C. Garcia, O. Steward, and M.
Tessier-Lavigne. 2005. Genetic deletion of the Nogo receptor does not

reduce neurite inhibition in vitro or promote corticospinal tract regenera-
tion in vivo. Proc. Natl. Acad. Sci. USA. 102:1205-1210.

ANALYSIS OF THE MAG RECEPTOR « VENKATESH ET AL.

399




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (U.S. Prepress Defaults)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 299
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 299
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


