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The Nogo-66 receptor (NgR1) is a promiscuous receptor for the myelin inhibitory proteins Nogo/Nogo-66, myelin-associated glycopro-
tein (MAG), and oligodendrocyte myelin glycoprotein (OMgp). NgR1, an axonal glycoprotein, is the founding member of a protein family
composed of the structurally related molecules NgR1, NgR2, and NgR3. Here we show that NgR2 is a novel receptor for MAG and acts
selectively to mediate MAG inhibitory responses. MAG binds NgR2 directly and with greater affinity than NgR1. In neurons NgR1 and
NgR2 support MAG binding in a sialic acid-dependent Vibrio cholerae neuraminidase-sensitive manner. Forced expression of NgR2 is
sufficient to impart MAG inhibition to neonatal sensory neurons. Soluble NgR2 has MAG antagonistic capacity and promotes neuronal
growth on MAG and CNS myelin substrate in vitro. Structural studies have revealed that the NgR2 leucine-rich repeat cluster and the NgR2
“unique” domain are necessary for high-affinity MAG binding. Consistent with its role as a neuronal MAG receptor, NgR2 is an axon-
associated glycoprotein. In postnatal brain NgR1 and NgR2 are strongly enriched in Triton X-100-insoluble lipid rafts. Neural expression
studies of NgR1 and NgR2 have revealed broad and overlapping, yet distinct, distribution in the mature CNS. Taken together, our studies
identify NgRs as a family of receptors (or components of receptors) for myelin inhibitors and provide insights into how interactions
between MAG and members of the Nogo receptor family function to coordinate myelin inhibitory responses.
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Introduction
In higher vertebrates, including humans, the regenerative capac-
ity of injured CNS neurons is extremely limited. Multiple lines of
evidence point to CNS myelin as a major source for inhibitory
proteins that impair axonal regeneration (Schwab et al., 1993;
McGee and Strittmatter, 2003). One of the best characterized
inhibitors of axonal growth is myelin-associated glycoprotein
(MAG) (Filbin, 2003). In vitro, MAG regulates neurite outgrowth
in an age-dependent manner. MAG promotes growth of many
types of embryonic and neonate neurons and, at more mature
stages, strongly inhibits growth (Johnson et al., 1989; McKer-

racher et al., 1994; Mukhopadhyay et al., 1994; Hasegawa et al.,
2004). Loss of MAG is not sufficient to improve regenerative
growth in spinal cord-injured mice (Bartsch et al., 1995), but
there is good evidence that MAG has growth inhibitory activity
toward regenerating neurons in vivo (Schafer et al., 1996; Sicotte
et al., 2003).

MAG, a sialic acid-binding Ig-like lectin (Siglec), binds pref-
erentially to carbohydrates bearing terminal �2,3-linked sialic
acids (Crocker and Varki, 2001; Vyas and Schnaar, 2001). MAG
binds to the neuronal cell surface and inhibits growth in a sialic
acid-dependent Vibrio cholerae neuraminidase-sensitive (VCN-
sensitive) manner (Kelm et al., 1994; DeBellard et al., 1996). Se-
lect gangliosides, including GT1b and GD1a, support sialic acid-
dependent MAG binding and play an important role in MAG
inhibitory neuronal responses (Yang et al., 1996; Vinson et al.,
2001; Vyas et al., 2002). However, the mechanisms of how MAG
binding to gangliosides triggers intracellular signaling events,
such as activation of RhoA, are not well understood. The sialic
acid dependence of MAG inhibition was challenged by the recent
identification of the Nogo-66 receptor (NgR1) as a high-affinity
MAG receptor that supports binding in a sialic acid-independent
manner (Domeniconi et al., 2002; Liu et al., 2002). The MAG–
NgR1 interaction is functionally significant; anti-NgR1 antibod-
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ies block MAG inhibition (Domeniconi et al., 2002; Li et al.,
2004), and ectopic expression of NgR1 in embryonic chick dorsal
root ganglion (DRG) neurons is sufficient to confer MAG re-
sponsiveness (Liu et al., 2002).

Based on initial observations that neurons from p75 mutant
mice are no longer inhibited by MAG (Yamashita et al., 2002),
two subsequent studies identified the pan-neurotrophin receptor
p75 as the signal-transducing component in a NgR1/p75 receptor
complex (K. C. Wang et al., 2002b; Wong et al., 2002). In addi-
tion, Lingo-1/Lern-1, a nervous system-specific type-I mem-
brane protein (Carim-Todd et al., 2003), is an essential compo-
nent of the NgR1/p75 receptor system in vitro (Mi et al., 2004). In
spinal cord-injured mice, however, depletion of functional p75 is
not sufficient to improve the regenerative growth of descending
corticospinal or ascending sensory neurons (Song et al., 2004).
This implies the existence of p75-independent mechanisms suf-
ficient to bring about inhibition in vivo.

The recent identification of NgR2 and NgR3, two NgR1-
related proteins, raises the question as to whether these mole-
cules, similar to NgR1, play a role in myelin inhibition. Here we
report the identification of NgR2 as a high-affinity and sialic
acid-dependent receptor for MAG.

Materials and Methods
Reagents. The following materials were used: OptiMEM, DMEM, Neu-
robasal medium, L15, B27 supplement, fetal bovine serum (FBS), dia-
lyzed FBS, HBSS, Pen/Strep, G418, and glutamine (Invitrogen, San Di-
ego, CA); MAG-Fc (M. Filbin, Hunter College, City University of New
York, New York, NY; R. Schnaar, Johns Hopkins University, Baltimore,
MD; and R & D Systems, Minneapolis, MN); CHO-MAG and CHO-R2
cells (R. Schnaar); oligodendrocyte myelin glycoprotein (OMgp-AP; Z.
He, Children’s Hospital, Harvard Medical School, Boston, MA); Siglec
3-Fc and NgR-Fc (R & D Systems); Ad-RFP (H. Federoff, University of
Rochester, Rochester, NY); anti-caveolin (Upstate Biotechnology, Lake
Placid, NY); anti-human Fc-AP-conjugated, anti-rabbit IgG-AP-
conjugated, class III �-tubulin antibody (TuJ1; Promega, Madison, WI);
anti-MAG monoclonal antibody 513 (mAb 513) and anti-p75 clone 192
(Chemicon, Temecula, CA); Alexa red anti-mouse IgG and Alexa green
anti-rabbit IgG (Molecular Probes, Eugene, OR); anti-green fluorescent
protein (anti-GFP; Rockland Immunochemicals, Gilbertsville, PA);
anti-AP (American Research Products, Belmont, MA); anti-myc (9B11;
Cell Signaling Technology, Beverly, MA); spin columns (Vivascience,
Edgewood, NY); VCN, RNA polymerases, Tth-DNA polymerase, and
DIG-RNA labeling kit (Roche Molecular Biochemicals, Indianapolis,
IN); isopropyl �-D-thiogalactoside (IPTG), Lipofectamine 2000, and
pTrcHis (Invitrogen); Percoll (MP Biomedicals, Irvine, CA); mamma-
lian tissue protease inhibitor mixture, insulin, transferrin, NBT/BCIP
tablets, T3/T4, progesterone, MES, and selenium (Sigma, St. Louis, MO);
restriction enzymes (New England Biolabs, Beverly, MA); Protein G
Plus/Protein A-agarose beads (Oncogene, San Diego, CA); BCA kit
(Pierce, Rockford, IL); HRP/ECL detection system (Amersham Biosciences,
Piscataway, NJ); and ABC system (Vector Laboratories, Burlingame,
CA).

Identification of NgR2 and NgR3. tBLAST database searches with full-
length NgR1 revealed several human and mouse expressed sequence tags
(ESTs) with identities between 41 and 63% to NgR1. EST (Gi:4274260)
was used to generate primers for RT-PCR. Primers 207-forward GC-
CATCCCGGAGGGCATCCC and 207-back ACACTTATAGAGGTA-
GAGGGCGTG amplified a 267 bp PCR product from embryonic day 15
(E15) rat brain first-strand cDNA. The EST clone IMAGE:1926673
(GenBank accession number AI346757) was ordered from Genome Sys-
tems (St. Louis, MO). Both cDNA fragments were labeled with 32P-
dCTP and used to screen an E15 rat spinal cord/DRG cDNA library
(Kolodkin et al., 1997). Several clones were identified and end-
sequenced. Of these, clones 207-17 (2.1 kb) and 208-56 (1.9 kb) con-
tained the largest inserts and were sequenced on both strands, revealing
open reading frames of the NgR1-like polypeptides NgR2 and NgR3.

Generation of immune sera. Rabbits were immunized with 6-his-tagged
fusion proteins of each of the NgR family members. Fusion proteins
include the less-conserved C-terminal sequences: the LRRCT and the
“unique” domains of NgR1 (amino acids 278 – 473), NgR2 (amino acids
279 – 420), and NgR3 (amino acids 274 – 445). Fusion proteins were ex-
pressed from the pTrcHis vector after induction with IPTG (1 mM) of
Escherichia coli cultures at an OD600 of 0.8. The three 6-his-tagged fusion
proteins were purified over a Ni-NTA column and used for rabbit im-
munization (Popkov et al., 2003).

Generation of ligand and receptor constructs. Human placental alkaline
phosphatase-tagged (AP-tagged) fusion proteins were constructed by
standard PCR cloning techniques, using the Tth-DNA polymerase and
assembled in the pcDNA-AP vector after digestion with BglII and EcoR1
(Giger et al., 1998). AP-Nogo-66 (Fournier et al., 2001), AP-NiG (Nied-
erost et al., 2002), OMgp-AP (Wang et al., 2002a), AP-Fc (Giger et al.,
1998), AP-MAG (Liu et al., 2002), AP-sNgR1 (Ala 24–Glu 445), AP-sNgR2
(Ser 30–Ser 396), and AP-sNgR3 (Ser 22–Val 420) were expressed in Lipo-
fectamine 2000-transfected HEK293T cells and harvested from condi-
tioned cell culture supernatant in OptiMEM. Expression of fusion pro-
teins was confirmed by immunoblotting with anti-AP serum. For ligand
quantification the AP activity was determined enzymatically (OD405). If
necessary, ligands were concentrated by using spin columns with a mo-
lecular weight cutoff of 10 kDa. Receptor constructs included N-terminally
myc-tagged NgR1(Pro26–Cys473), myc-NgR2 (Ser30–Leu420), and myc-
NgR3 (Gly24–Arg445) assembled in the expression vector pMT21 (Kolodkin
et al., 1997). Also included were chimera NgR2LRR(Met1–Pro313)/
NgR1unique(Gly314–Cys473) fused by SpeI, introducing Thr314 and Ser315;
NgR1LRR(Met1–Val311)/NgR2unique(Pro315–Lys420) fused by SpeI, intro-
ducing Thr312 and Ser313; NgR3LRR(Met1–Pro307)/NgR2unique(Pro315–
Lys420) fused by SpeI, introducing Thr308 and Ser309; NgR1�unique(Met1–
Pro313)/NgR1(Leu431–Cys473) fused by SpeI/XbaI, introducing Thr and Arg
at the fusion site; NgR2�unique(Met1–Val311)/NgR1(Leu431–Cys473) fused
by SpeI/XbaI. For adenoviral vectors the full-length NgR1 and NgR2 were
cloned into pAdTrack-CMV and recombined with pAdEasy-1 in E. coli.
Recombinant virus was produced and amplified in HEK293 cells and puri-
fied by double CsCl banding as described previously (Giger et al., 1997).

Ligand–receptor binding studies. Receptor constructs were expressed
transiently in COS-7 cells in 24-well plates coated with poly-D-lysine
(PDL; 50 �g/ml), using Lipofectamine 2000. To assess cell surface ex-
pression of transiently expressed receptor constructs, we stained some
wells with anti-NgR1 (1:1000), anti-NgR2 (1:1000), or anti-NgR3 (1:
200) under nonpermeabilizing conditions. At 24 h after transfection the
cells were rinsed and incubated for 75 min at ambient temperature with
the following (in nM): 10 AP-Nogo-66, 10 OMgp-AP, 20 AP-NiG, 20
AP-Fc, 33 AP-MAG, 17 MAG-Fc, 30 Siglec 3-Fc, or 8 anti-human Fc-AP-
conjugated antibody. Before binding, MAG-Fc and Siglec 3-Fc were oli-
gomerized by preincubation with anti-human Fc conjugated to AP (2:1).
Of note, dimeric MAG-Fc (not preclustered by preincubation with anti-
human Fc-AP) still binds to NgR2 in COS-7 cells (see Fig. 2 B). Consis-
tent with previous studies, however, the strength of binding is increased
if MAG-Fc is oligomerized (Strenge et al., 1999). For antibody blocking
of MAG binding the MAG-Fc was preincubated for 1 h with anti-MAG
mAb 513 (10 �g/ml) or anti-p75 mAb 192 (10 �g/ml) in OptiMEM.
Unbound ligand was removed by several rinses in HBHA (1� HBS sup-
plemented with 20 mM HEPES, pH 7.0, 0.05% BSA, 0.5% NaN3). Cells
were fixed in 60% acetone, 1% formaldehyde, and 20 mM HEPES, pH 7.0,
rinsed in HBHA, and heated at 65°C in HBS for 60 min. To monitor
bound ligand, we developed plates with NBT/BCIP substrate; the color
reaction was stopped by two rinses in PBS. For quantification of ligand
binding the cells were processed as described above; after ligand incuba-
tion the cells were rinsed in HBHA and lysed in 20 mM Tris, pH 8.0, 0.1%
Triton X-100. The lysates were incubated at 65°C for 60 min and spun at
10,000 � g for 5 min. The relative AP activity in supernatants was nor-
malized to cell surface receptor expression, using anti-myc (1:1000),
anti-NgR1 (1:1000), anti-NgR2 (1:1000), or anti-NgR3 (1:200) antibod-
ies, as described previously (Giger et al., 1998). Scatchard plot analysis of
the MAG-Fc binding to NgR2-expressing COS-7 cells was performed
analogous to a previous study (Kolodkin et al., 1997). For binding of
MAG-Fc and AP-Nogo-66 to dissociated DRGs 25,000 cells/well were
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plated in four-well plates on 100 �g/ml PDL and cultured in Sato �

medium [20 nM progesterone, 30 nM selenium, 5 �g/ml insulin, 4 mg/ml
BSA, 0.1 �g/ml L-thyroxine, 0.08 �g/ml triiodo-thyronine; for neonatal
(postnatal day 1–2 [P1–P2]) DRGs 15 ng/ml NGF was added]. After 48 h
the DRGs were infected with adenoviral NgR1 (Ad-NgR1) or Ad-NgR2
(multiplicity of infection, �100). Before ligand-binding studies the viral
transduction of DRGs was confirmed by live monitoring of GFP expres-
sion. Then neuronal cultures were rinsed and incubated in OptiMEM or
OptiMEM with VCN (20 mU/ml) at 37°C for 1 h. Ligand binding was
performed as described above.

Histochemical procedures. For in situ hybridization cryosections of
postnatal rat tissue were incubated with digoxigenin-labeled (DIG-11-
UTP; Roche Molecular Biochemicals ) cRNA probes generated by in vitro
transcription, using the T3, T7, or SP6 RNA-polymerase. Probes for
NgR1 and NgR2 were transcribed from cDNA fragments encoding the
less-conserved C-terminal sequences and included a NgR1 (0.96 kb frag-
ment in pGEM downstream of codon Arg 279) linearized with XhoI or
XbaI to generate sense (T7) and antisense (SP6) probes and a NgR2 (1.03
kb fragment in pBluescript downstream of codon Arg 280) linearized with
XbaI or EcoR1 to generate sense (T3) and antisense (T7) probes. In
addition, a DIG-labeled VIP sense probe was used as a negative control.
To enhance tissue penetration, we carbonate-digested cRNA probes at
60°C, pH �11, for 45 min, to an average length of 150 –250 bases. Hy-
bridization was performed at 60°C in 50% formamide, with a final con-
centration of �100 –200 ng of DIG probe/ml hybridization solution
(Giger et al., 1996).

For immunohistochemistry the eyes of adult rats were flash frozen in
dry ice-cooled isopentane and cryosectioned at 20 �m. Sections were
fixed for 10 min in cooled methanol, followed by several rinses in PBS.
Endogenous peroxidases were quenched; sections were blocked in nor-
mal goat serum and incubated in primary antibody overnight at 4°C.
Anti-NgR1 (1:1000) and anti-NgR2 (1:1000) were detected with a bio-
tinylated anti-rabbit IgG (1:500) and visualized by using the Ni-
enhanced horseradish peroxidase ABC system. Sections were dehydrated
in a graded series of ethanol and cleared in xylene.

Isolation of lipid rafts and immunoblotting. Brains obtained from P14
rats were homogenized in ice-cold MES-buffered saline containing 0.1%
Triton X-100 and protease inhibitor mixture. The homogenate was
passed several times through a 21-gauge needle, and cellular debris was
removed by low speed centrifugation (3000 � g for 15 min). From the
resulting supernatant Triton X-100-insoluble membrane rafts were en-
riched by flotation in a 5– 40% sucrose gradient for 36 h at 200,000 � g.
Fractions of the gradient were collected (0.5 ml), diluted in PBS, and
precipitated at 10,000 � g for 30 min. Pellets were resuspended and
subjected to Western blot analysis by using anti-NgR1 (1:2000), anti-
NgR2 (1:2000), or anti-caveolin (1:1000) antibodies. Fractions contain-
ing the highest amounts of NgR1 and NgR2 were pooled and incubated
in OptiMEM or OptiMEM and VCN (20 mU/ml) at 37°C for 1 h before
Western blot analysis.

Affinity precipitation. COS-7 cells in 10 cm culture dishes were infected
with Ad-NgR1 or Ad-NgR2 in OptiMEM. After 24 h the cells were incu-
bated in lysis buffer containing the following (in mM): 20 Tris-HCl, pH

Figure 1. Characterization of antibodies raised against Nogo receptor family members. A,
Domain alignment of the Nogo receptor family members NgR1 (473 amino acid residues), NgR2
(420 amino acid residues), and NgR3 (445 amino acid residues). Nogo receptors are composed
of eight canonical leucine-rich repeats (LRR1–LRR8) flanked by cysteine-rich LRRNT and LRRCT

4

subdomains. The highly conserved LRRNT�LRR�LRRCT domains are connected via a more variable
unique domain (stalk) to a GPI anchor for membrane attachment. We raised polyclonal antibodies
against the distal part of the LRRCT and the unique domain of each of the three NgR family members.
B, Immunocytochemistry (ICC) under nonpermeabilizing conditions of myc-tagged NgR1, NgR2, and
NgR3 in transfected COS-7 cells reveals abundant cell surface localization of NgR1 (B1), NgR2 (B2), and
NgR3 (B3). Anti-NgR1 (B4 ), anti-NgR2 (B8), and anti-NgR3 (B12) immune sera strongly and selec-
tively react with their cognate antigens. No cross-reactivity with other NgR family members is ob-
served. C, Western blotting with anti-NgR1, anti-NgR2, and anti-NgR3 immune sera allows for selec-
tive detection of recombinant (COS-7) and endogenously (adult rat brain) expressed receptors. All
three NgR family members are expressed abundantly in the adult brain. Of note, endogenously
expressed NgR1 and NgR2 are detected as single bands and migrate at an apparent molecular
weight of 65 kDa. Recombinant NgR1 and NgR2 occur as multiple variants between 55 and 70
kDa (Walmsley et al., 2004). Multiple variants are found for recombinant and endogenously
expressed NgR3. Scale bar, 20 �m.

810 • J. Neurosci., January 26, 2005 • 25(4):808 – 822 Venkatesh et al. • NgR2 Is a MAG Receptor



7.5, 150 NaCl, 5 EDTA plus 1% NP-40 and protease inhibitor mixture.
Cell lysates were tumbled overnight at 4°C in the presence of MAG-Fc (2
�g) or control IgG (2 �g) and precipitated with Protein G Plus/Protein
A-agarose after incubation at 4°C for 2 h. Cell lysates of Ad-NgR2-
transduced COS-7 cells, AP-Nogo-66 (15 nM), or AP-NiG (20 nM) were
incubated with NgR-Fc (2 �g) and precipitated with Protein G Plus/
Protein A-agarose after incubation at 4°C for 2 h. To assess direct MAG
interactions, we preincubated 1 nM AP-sNgR1, 1 nM AP-sNgR2, or 1 nM

AP-sNgR3 in OptiMEM with 1 �g of MAG-Fc. Precipitated beads were
rinsed three times with lysis buffer, and bound proteins were eluted with
2� SDS sample buffer. Precipitates were analyzed by immunoblotting,
using anti-NgR1, anti-NgR2, or anti-AP antisera.

For affinity precipitation studies with neurons the cultures of P1–P2
DRGs were transfected with Ad-NgR1 and Ad-NgR2 as described above.
To remove terminal sialic acids, we incubated the cultures for 1 h in VCN
(20 mU/ml at 37°C). Lysis and affinity precipitation with MAG-Fc (2
�g), AP-Nogo-66 (1 �g), or control IgG (2 �g) were performed as de-
scribed above.

Neurite outgrowth assays. CHO-MAG cells
were FACS-sorted (FACS Vantage SE), using
anti-MAG mAb 513 (1 �g/10 6 cells). Briefly,
CHO-MAG cells were detached from culture
plates with trypsin, rinsed in DMEM/10% FBS,
incubated in primary antibody for 15 min at
room temperature, rinsed in DMEM/10% FBS,
and incubated in secondary antibody (2 �g/10 6

cells) for 25 min (anti-mouse Alexa red). The
top 20% of sorted cells was selected, resulting in
a cell population expressing homogenous and
high levels of MAG. Cell surface expression of
MAG was confirmed by anti-MAG (mAb 513)
immunocytochemistry under nonpermeabiliz-
ing conditions. Control CHO and CHO-MAG
cells were cultured in DMEM, 10% dialyzed
FBS, 2 mM glutamine, 40 mg/L proline, 0.73
mg/L thymidine, 7.5 mg/L glycine (and 400
�g/ml G418 for CHO-MAG). For feeder layers
300,000 cells/well were seeded in PDL-coated
(50 �g/ml) four-well plates and cultured over-
night. DRGs were dissected from neonate (P1
or P2) pups and adult rats, incubated in 0.05%
trypsin and 0.1% collagenase, triturated, and
cultured in Sato � supplemented with 15 ng/ml
NGF (for neonatal DRGs only) at a density of
2 � 10 5 cells/well. Adenoviral infection (Ad-
NgR1, Ad-NgR2, and Ad-RFP; multiplicity of
infection, �100) of DRGs was performed for
3– 6 h in PDL-coated four-well plates. After vi-
ral transfection the DRGs were detached gently
from culture plates, rinsed in Neurobasal me-
dium, transferred onto CHO or CHO-MAG
feeder layers, and cultured in Sato� for 18–20 h.

Cerebellar granule neurons (CGNs) from P7
rat pups were purified in a discontinuous Per-
coll gradient (Hatten, 1985). CGNs at the 35/
60% Percoll interface were collected, rinsed,
and cultured in Neurobasal medium with 1�
B27 supplement, 25 mM glucose, 1 mM glu-
tamine, and Pen/Strep. For transfection of
CGNs the Amaxa Biosystems (Köln, Germany)
nucleofection technology was used. Briefly,
5–7 � 10 6 CGNs in 100 �l of Nucleofector kit V
solution were mixed with 3 �g of pEGFP-N1
plasmid DNA or a mixture of 3 �g of pMT21-
NgR2 and 1 �g of pEGFP-N1 plasmid DNA and
transferred into a cuvette for electroporation.
Cells were transfected by using the O-03 pulsing
parameter, transferred into 0.5 ml of 37°C pre-
warmed Neurobasal medium containing 10%
FBS, and incubated for 30 min at 37°C. Cells

were rinsed once in culture medium and plated on monolayers of CHO
or CHO-MAG cells in six-well plates for 20 h at a density of 1 million per
well.

For neurite outgrowth on MAG spots the MAG-containing substrata
were prepared from either CHO-MAG cells or adult rat spinal cord as
described (Vyas et al., 2002). Briefly, CHO-MAG cells from 10 confluent
10 cm plates or adult rat spinal cord tissue were homogenized in ice-cold
0.32 M sucrose, 50 mM HEPES, 1 mM DTT, and protease inhibitor. Mem-
branes were isolated in a sucrose gradient, followed by two osmotic
shocks (Norton and Poduslo, 1973). Recombinant MAG from CHO-
MAG cell membranes was extracted in 60 mM 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate (CHAPS). Endogenous MAG
from adult rat spinal cord membranes was extracted in 1% octylpyrano-
glucoside. Protein concentrations of extracts were determined by using
the BCA kit. ELISA with anti-MAG 513 confirmed the presence of MAG
in both extracts (data not shown). Recombinant MAG extract (1 �g/�l
total protein) in CHAPS solution and endogenous MAG extract (1 �g/�l

Figure 2. Binding profile of myelin inhibitors to Nogo receptors. A, Binding of AP-Nogo-66 (A1, A6, A11), MAG-Fc (A2, A7, A12),
OMgp-AP (A3, A8, A13), and AP-NiG (A4, A9, A14 ) to recombinant NgR1, NgR2, and NgR3 transiently expressed in COS-7 cells.
Bound MAG-Fc was detected with anti-human Fc conjugated to AP. Immunocytochemistry with anti-NgR1 (A5), anti-NgR2 (A10),
and anti-NgR3 (A15) was used to confirm expression of transfected receptor constructs. B, NgR2 supports binding of oligomerized
MAG-Fc (B1), but not AP-Fc (B2) or Siglec 3-Fc (B3). Binding of oligomerized MAG-Fc to NgR2 is blocked by anti-MAG 513 (B4 ), but
not by anti-p75 192 IgG (B5). MAG-Fc that has not been oligomerized with anti-human Fc (unclustered) still binds to NgR2 (B6 ).
C, Quantification of ligand binding in relative AP units. Binding of MAG to NgR2 is equal to 100%. NgR2 does not support AP-Fc or
Siglec 3-Fc binding. MAG binding is blocked in the presence of anti-MAG (10 �g/ml), but not anti-p75 (10 �g/ml) IgG. Scale bars:
A, B, 20 �m.
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total protein) in octylpyranoglucoside solution
were incubated with either control COS or
NgR2-COS membranes (5 �g/�l total protein
each) at a ratio of 1:3 for 1 h on ice. Detergents
in MAG extracts caused COS membranes to
dissolve completely. As a control, MAG extracts
were incubated with anti-MAG (mAb 513; 0.1
�g/�l dialyzed against Neurobasal medium) at
a ratio 1:3. Each of the three mixtures (3 �l/
well) then was spotted on PDL-coated (100 �g/
ml) 96-well plates (in triplicates), air dried, in-
cubated for 15 min in 5% dialyzed FBS, and
rinsed once in 1� PBS. To each well 35,000
Percoll-purified P7 CGNs were added, and plates
were incubated at 37°C/5% CO2 in a humidified
incubator. After 20 h in SATO� medium the cul-
tures were fixed and stained with TuJ1.

Quantitative analysis of neurite length. All flu-
orescence pictures were taken with an IX71
Olympus (Melville, NY) inverted microscope
attached at the side to a DP70 digital camera.
For quantification of neurite length, pictures of
dissociated DRGs or CGNs with processes
equal to or longer than approximately one cell
body diameter were taken. Neurite length was
measured from digitized images by UTHSCSA
Image Tool for Windows, version 3.0. The mean
and SEM of neurite-bearing cells were calculated
from at least three to six independent experi-
ments. Data were analyzed by one-way ANOVA,
followed by Dunn’s post hoc analysis or Student’s t
test with SigmaStat 3.0. All error bars that are
shown indicate SEM.

Results
The Nogo receptor family members
NgR1, NgR2, and NgR3 are expressed
strongly in the adult brain
We identified two leucine-rich repeat
(LRR) proteins in rat with a domain ar-
rangement identical to NgR1, termed
NgR2 and NgR3 (Fig. 1A). Toward their
N-terminal end NgR1, NgR2, and NgR3
feature a characteristic and highly con-
served array of eight LRRs. The LRRs are
flanked N-terminally (LRRNT) and
C-terminally (LRRCT) by cysteine-rich
capping sequences. The LRRNT�LRR�
LRRCT domains, hereafter called the LRR
cluster, are connected via a less-conserved
stalk sequence (“unique” domain) to a gly-
cosylphosphatidylinositol (GPI) anchor
for membrane attachment (Fig. 1A). The
same molecules have been identified inde-
pendently (Barton et al., 2003; Klinger et
al., 2003; Lauren et al., 2003; Pignot et al.,
2003).

To begin to examine endogenous protein expression of NgR
family members (NgRs), we raised rabbit immune sera directed
against the less-conserved LRRCT and unique domain sequences
of NgR1, NgR2, and NgR3. The resulting immune sera are spe-
cific as revealed by immunocytochemistry and immunoblotting
of recombinant and endogenously expressed NgRs (Fig. 1B,C).
In transfected COS-7 cells the myc-epitope-tagged NgR1, NgR2,
and NgR3 are expressed abundantly and detected selectively by
anti-NgR1, anti-NgR2, and anti-NgR3 antibodies, respectively.

Endogenously expressed receptors in adult brain extracts migrate
at apparent molecular weights of 65 kDa (NgR1), 65 kDa (NgR2),
and as multiple bands between 35 and 90 kDa (NgR3). Multiple
forms of recombinant NgR3 with a molecular weight distribution
similar to the one reported here have been described previously
(Pignot et al., 2003). In summary, the antisera raised against the
C-terminal portion of NgR1, NgR2, and NgR3 are specific and
allow selective detection of endogenously expressed NgR family
members in the adult brain.

Figure 3. NgR2 binds MAG directly and with high affinity. A, MAG-Fc affinity precipitation of NgR1 and NgR2 from lysates of
Ad-NgR1-transduced (right) or Ad-NgR2-transduced (left) COS-7 cells. Lysates of virus-infected or control (uninfected) cells were
subjected to affinity precipitation with MAG-Fc or control IgG. Immunoblotting with anti-NgR1 and anti-NgR2 revealed binding of
MAG to NgR2 and NgR1 (pull-down). Of note, MAG binds selectively to the high-molecular-weight forms of NgR2 and preferen-
tially to the higher-molecular-weight forms of NgR1. The input lanes show immunoblots of total cell lysate of control, Ad-NgR1-,
and Ad-NgR2-transduced cells. B, MAG-Fc directly binds to soluble NgR1 (AP-sNgR1) and NgR2 (AP-sNgR2), but not to NgR3
(AP-sNgR3). A control IgG does not bind to any of the soluble Nogo receptors. Input (pre) and precipitates (IP) were analyzed by
immunoblotting with anti-AP. C, Scatchard analysis of NgR2-transfected COS-7 cells to increasing concentrations of MAG-Fc
(0.1–5 nM) produced a linear plot revealing an apparent KD of 2 nM (a representative plot of 3 independent experiments is shown
on the right). The graph on the left shows the MAG-Fc saturation binding curve to NgR2-expressing COS-7 cells.
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MAG binds to NgR2 with high affinity
The structural similarities among NgR1, NgR2, and NgR3, cou-
pled with their strong expression in the adult brain (Fig. 1C),
prompted us to ask whether NgR2 and NgR3 support binding of
any of the previously identified NgR1 ligands (Fig. 2A). In accor-

dance with recent reports, AP-tagged
Nogo-66 (AP-Nogo-66), chimeric MAG
ectodomain (MAG-Fc), and the AP-
tagged ectodomain of OMgp (OMgp-AP)
avidly bind to recombinant NgR1 ex-
pressed in COS-7 cells (Fournier et al.,
2001; Domeniconi et al., 2002; Liu et al.,
2002; K. C. Wang et al., 2002a; Barton et
al., 2003). In marked contrast, neither
NgR2 nor NgR3 supports binding of AP-
Nogo-66 or OMgp-AP (Fig. 2A). Interest-
ingly, NgR2, but not NgR3, supports high-
affinity binding of MAG-Fc, suggesting
that NgR2 is a selective binding partner for
MAG. To examine whether inhibitory do-
mains of Nogo-A other than Nogo-66 in-
teract with NgR family members, we gen-
erated AP-NiG, an amino-Nogo fragment
with strong inhibitory activity (Oertle et
al., 2003). No binding of AP-NiG to NgR1,
NgR2, or NgR3 was observed (Fig. 2A).
This suggests that NgRs are not receptors
for amino-Nogo. Thus the Nogo receptor
family members NgR1 and NgR2 are cell
surface proteins with distinct, yet partially
overlapping, binding preferences for
myelin-derived inhibitors of axonal
growth.

Because a previous study reported that
NgR2 does not support MAG binding
(Barton et al., 2003), we performed several
control experiments to confirm the speci-
ficity of the MAG–NgR2 association. To
exclude binding of the Fc portion (of
MAG-Fc), rather than the MAG ectodo-
main to NgR2, we examined binding of an
AP-Fc fusion protein. As shown in Figure
2B, soluble AP-Fc does not bind to NgR2.
The dimerized ectodomain of Siglec 3 (Si-
glec 3-Fc), a MAG-related protein, does
not bind to NgR2 in COS-7 cells (Fig. 2B).
More importantly, the monoclonal anti-
MAG IgG (mAb 513), previously shown
specifically to block MAG-Fc binding to
neurons (Collins et al., 1997), selectively
blocks the NgR2–MAG interaction. A con-
trol antibody, anti-p75 IgG, does not block
the NgR2–MAG association (Fig. 2B,C).

Next we asked whether NgR2 and
MAG-Fc interact in solution. COS-7 cells
transduced with the adenoviral vectors
Ad-NgR1 or Ad-NgR2 express high levels
of NgR1 and NgR2 (Fig. 3A). Lysates of
viral vector-transduced cells then were
subjected to affinity precipitation with
MAG-Fc or control IgG. Consistent with
our binding studies in COS-7 cells,
MAG-Fc binds more avidly to NgR2 than

to NgR1. A control IgG forms a complex with neither NgR1 nor
NgR2 (Fig. 3A). Of note, MAG binds preferentially to higher
(presumably fully glycosylated) molecular weight forms of NgR2.
A similar but less-pronounced binding preference was observed
toward the larger forms of NgR1 (Fig. 3A). Next, to examine

Figure 4. Ectopic expression of NgR2 in neurons is sufficient to confer sialic acid-dependent MAG binding. A, Immunoblotting
of dissociated adult rat DRG cultures reveals expression of NgR1 and NgR2. Neonatal (P1) DRG neurons express very low levels of
NgR1 and NgR2. When transduced with Ad-NgR1 or Ad-NgR2, P1 DRG neurons express high levels of NgR1 and NgR2 as revealed
by Western blot analysis. B, Dissociated adult rat DRGs support binding of MAG-Fc in a sialic acid-dependent, VCN-sensitive
manner. C, P1–P2 DRGs support MAG-Fc binding weakly (C1). After transduction with Ad-NgR2 (C2) or Ad-NgR1 (C3), the DRGs
support MAG-Fc binding more strongly. Binding of MAG-Fc to control (C6 ), Ad-NgR2-transduced (C7 ), and Ad-NgR1-transduced
(C8) DRGs is sensitive to VCN treatment. Binding of Nogo-66 to Ad-NgR1-transduced DRGs is very robust (C5) compared with
control (uninfected) DRGs (C4 ), and Nogo-66 binding to NgR1 is not sensitive to VCN treatment (C10). D, Quantification of MAG-Fc
binding to Ad-NgR2, Ad-NgR1, and mock-transduced DRGs in the absence (�) or presence (�) of VCN and binding of AP-
Nogo-66 to Ad-NgR1-transfected DRGs (striped bars). MAG binding to Ad-NgR2 and AP-Nogo-66 binding to Ad-NgR1-transfected
cultures is normalized to 100%. Error bars indicate SEM. E, MAG-Fc affinity precipitation of NgR2 and NgR1 from virally transduced
DRG cultures is robust and highly sensitive to VCN treatment. Cell lysates (L) show high- and low-molecular-weight forms of NgR1
and NgR2. Western blot analysis of precipitates (P) reveals that MAG preferentially complexes with the higher-molecular-weight
forms of NgR1 and NgR2. After VCN treatment NgR1 and NgR2 no longer support the binding of MAG-Fc. Moreover, VCN treatment
results in a �2–3 kDa decrease in molecular weight of NgR1 and NgR2. Binding of Nogo-66 to Ad-NgR1-transduced DRGs is not
sensitive to VCN treatment. F, A similar VCN-dependent drop in molecular weight was observed with endogenously expressed
NgR1 and NgR2 isolated from P14 rat brain. Scale bars: B, C, 100 �m.
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whether MAG-Fc binds NgR1 and NgR2
directly, we performed affinity precipita-
tion experiments with MAG-Fc and sol-
uble AP-tagged Nogo receptors (AP-
sNgR1, AP-sNgR2, and AP-sNgR3)
isolated from serum-free supernatants
of transiently transfected HEK293T
cells. AP-sNgR1 and AP-sNgR2, but not
AP-sNgR3, form a complex with
MAG-Fc (Fig. 3B). This indicates that
the ectodomain of MAG interacts with
NgR1 and NgR2 directly.

In a semi-quantitative experiment we
compared the binding of serially diluted
MAG with NgR1 and NgR2 expressed in
COS-7 cells (supplemental Fig. 1, avail-
able at www.jneurosci.org as supple-
mental material). The experiment con-
firmed that MAG binds with higher
affinity, approximately four to eight
times stronger, to NgR2 than to NgR1.
In COS-7 cells the coexpression of NgR1
and NgR2 does not enhance MAG bind-
ing when compared with NgR2 alone
(data not shown). To measure directly
the affinity of the MAG–NgR2 association, we performed a
Scatchard plot analysis of MAG-Fc binding to NgR2-express-
ing COS-7 cells (Fig. 3C). Plotting of the saturation binding
data revealed an apparent KD of 2 nM. Previously determined
affinity constants for the NgR1–MAG interaction are 8 and 20
nM (Domeniconi et al., 2002; Liu et al., 2002). Together, our
studies reveal that MAG exhibits the following binding pref-
erences for NgR family members: NgR2 � NgR1 �� NgR3.

Ectopic expression of NgR2 in neonate neurons is sufficient to
confer sialic acid-dependent binding of MAG
Neonatal DRG neurons express very low levels of NgR1 and
NgR2 and support MAG binding poorly when compared with
adult DRGs (Fig. 4). Consistent with this observation, immuno-
blotting of cultured DRG neurons revealed stronger expression
of NgR1 and NgR2 in adulthood (Fig. 4A). To examine whether
ectopic expression of NgR1 or NgR2 in P1–P2 DRG neurons is
sufficient to confer MAG binding, we transduced cultures with
Ad-NgR1 and Ad-NgR2. Virally transfected neurons express high
levels of NgR1 and NgR2 (Fig. 4A). Consistent with studies in
COS-7 cells, Ad-NgR1- and Ad-NgR2-transduced DRG neurons
support the binding of MAG-Fc. Moreover, MAG shows prefer-
ential binding to NgR2 (Fig. 4C,D). To assess whether neuronally
expressed NgR1 and NgR2 support MAG binding in a sialic acid-
dependent manner, we treated virally transduced cultures with
VCN. Quantification of MAG binding to DRG neurons after
VCN treatment revealed a 60 and 31% de-
crease to Ad-NgR2- and Ad-NgR1-
transduced cultures, respectively (Fig.
4C,D). Consistent with pervious studies
(DeBellard et al., 1996), MAG binding to
uninfected DRG cultures is also VCN-
sensitive (Fig. 4D). Binding of Nogo-66 to
Ad-NgR1-transduced DRG cultures, how-
ever, is not sensitive to VCN treatment
(Fig. 4C,D). To address directly whether
MAG binds to NgR1 and NgR2 in a sialic
acid-dependent manner, we performed af-

finity precipitation experiments from DRG lysates using MAG-
Fc. As shown in Figure 4E, MAG-Fc forms a complex with NgR2
and, to a lesser extent, with NgR1 in lysates of virally transduced
DRGs. MAG-Fc preferentially interacts with the higher-
molecular-weight forms of neuronally expressed NgR1 and NgR2
(Fig. 4E). In stark contrast, when pretreated with VCN, NgR1
and NgR2 no longer complex with MAG-Fc. NgR1 maintains
Nogo-66 binding in VCN-treated cultures (Fig. 4E). Moreover,
we observed a �2–3 kDa drop in the molecular weight of
NgR1 and NgR2 in virally transduced DRG cultures treated
with VCN (Fig. 4 E). Importantly, a similar VCN-dependent
shift in molecular weight was observed for endogenous NgR1
and NgR2 isolated from 2-week-old rat brain (Fig. 4 F). To-
gether, these experiments indicate that ectopic expression of
NgR1 and NgR2 in primary neurons is sufficient to confer
MAG binding. MAG binds to NgR1 and NgR2 in a sialic acid-
dependent and VCN-sensitive manner. Loss of MAG binding
appears to coincide with asmall but significant drop in molec-
ular weight of NgR1 and NgR2.

Exogenous NgR2 has MAG/myelin antagonistic capacity
Given the strong affinity of NgR2 for MAG, we next examined
whether exogenously added NgR2 has MAG/myelin antagonistic
function. To inhibit neurite outgrowth, we plated P7 CGNs on

substrata adsorbed with a detergent extract of either CHO-MAG
cell membranes or adult rat spinal cord membranes that contain
MAG (Vyas et al., 2002). On recombinant MAG (rMAG from

Figure 5. Exogenous NgR2 antagonizes MAG inhibition. A, Neurite outgrowth of P7 CGNs on detergent extracts of CHO-MAG
cells containing recombinant MAG (rMAG) and adult rat spinal cord containing endogenous MAG (s.c.MAG). Recombinant and
endogenous MAG were incubated with membranes of untransfected (mock) or NgR2-transfected COS-7 cells (�NgR2) before
being spotted on poly-D-lysine-coated cell culture plates. B, Quantification of neurite length on poly-D-lysine (white), rMAG (gray),
and s.c.MAG (black) revealed that membranes of NgR2-expressing, but not control, COS-7 cells significantly attenuate MAG
inhibition. A similar effect was achieved when MAG extracts were preincubated with anti-MAG (mAb 513), a function-blocking
MAG antibody. The number of neurites quantified for each condition is indicated in parentheses. Results are presented as the
mean � SEM from three independent experiments. *p � 0.05, significantly different from CGNs grown on rMAG and s.c.MAG;
Kruskal–Wallis one-way ANOVA ( post hoc Dunn’s test). Scale bar, 40 �m.

3

Figure 6. Ectopic NgR2 in neonatal DRGs confers MAG inhibition. A, Neonatal DRGs transduced with Ad-NgR2 abundantly
express NgR2. Ectopic NgR2 is localized to neurites and growth cones, as revealed by anti-NgR2 and TuJ1 double immunofluores-
cence. B, DRGs transduced with Ad-NgR1 or Ad-NgR2 were seeded on confluent monolayers of CHO (control) or CHO-MAG cells.
Neurons expressing ectopic NgR1 or NgR2 were identified by double immunofluorescence labeling with anti-NgR1 or anti-NgR2
and TuJ1. C, Quantification of neurite length. Neurites of untransduced or Ad-RFP-transduced DRGs on CHO-MAG are 15 and 20%
longer than on CHO feeder layers, respectively. DRGs infected with Ad-NgR1 or Ad-NgR2 before plating on CHO-MAG show a 22
and 32% decrease in neurite length, respectively. The number of neurites measured for each condition is indicated in parentheses.
Results are presented as the mean � SEM from three independent experiments. *p � 0.05, significantly different from Ad-RFP-
transduced DRGs; Kruskal–Wallis one-way ANOVA ( post hoc Dunn’s test). On CHO control cells Ad-NgR2-transduced DRGs show a
small but statistically nonsignificant decrease in neurite length. Scale bar: (in B), 50 �m.
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CHO-MAG cells) and endogenous MAG
(s.c.MAG from spinal cord) substrate,
neurite length decreases to 51% (rMAG)
and 47% (s.c.MAG) of CGNs grown on
control substrate (Fig. 5). To show di-
rectly that inhibition is attributable to
the presence of MAG, we preincubated
inhibitory extracts with anti-MAG (mAb
513), a function-blocking antibody. An-
ti-MAG greatly attenuated the inhibi-
tion of CGNs on both substrates. Neu-
rite length increases to 81% (rMAG) and
70% (s.c.MAG) of controls (Fig. 5B).
More importantly, preincubation of
MAG extracts with NgR2-COS-7 mem-
branes (�NgR2) greatly attenuated in-
hibition of CGNs compared with MAG
extracts incubated with control COS-7
membranes (mock). In the presence of
exogenous NgR2 the neurite length in-
creased to 89% (rMAG) and 74% (s.c.
MAG) of controls (Fig. 5 A, B). To rule
out the possibility that exogenous NgR2
attenuates MAG inhibition indirectly via
binding to NgR1, we asked whether
NgR1 interacts with NgR2. As shown in
supplemental Figure 2 (available at www.
jneurosci.org as supplemental material), af-
finity precipitation with NgR1-Fc from
lysates of Ad-NgR2-transduced COS
cells did not reveal an NgR1–NgR2 asso-
ciation. As a positive control we show
that NgR1-Fc binds strongly to AP-
Nogo-66, but not to AP-NiG. Thus sol-
uble NgR1 and NgR2 do not appear to
interact with each other. Taken together,
our experiments suggest that binding of
soluble NgR2 masks the growth inhibitory
domain or domains of MAG and that ex-
ogenous NgR2 has MAG/myelin antago-
nistic capacity in vitro.

Ectopic expression of NgR2 in neonate
DRG neurons is sufficient to confer
MAG inhibition
MAG is a bifunctional guidance molecule;
it promotes growth of young neurons and
inhibits growth at more mature stages.
Consistent with previous reports, we ob-
served that MAG promotes neurite growth
of neonatal DRG neurons (Johnson et al.,
1989). When cultured on monolayers of
CHO-MAG or CHO cells, neurites of
P1–P2 DRGs grow 15–20% longer on
CHO-MAG than on CHO substrate (Fig.
6). To ask whether ectopic NgR1 or NgR2
is sufficient to confer MAG inhibition on
NGF-responsive DRG neurons, we trans-
duced dissociated DRGs for 3 h with Ad-
NgR1 or Ad-NgR2 before plating them on
CHO-MAG or CHO feeder layers. After
20 h the cultures were fixed and stained by
double immunofluorescence for neuron-
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specific class III �-tubulin (TuJ1) and
NgR1 or NgR2. Ectopic NgR2 and NgR1
(data not shown) are localized to cell bod-
ies, neurites, and growth cones of trans-
duced neurons (Fig. 6A). Quantification
of neurite lengths on CHO-MAG cells re-
vealed a decline in fiber length of 22% for
NgR1� and 32% for NgR2� neurons
when compared with Ad-RFP-transduced
neurons. On CHO feeder cells the NgR2�

DRGs show a small decrease in fiber length
that is not statistically significant from Ad-
RFP- or Ad-NgR1-transduced DRGs (Fig.
6B,C). Together, these experiments show
that, on MAG substrate, ectopic NgR1 and
NgR2 lead to a significant decrease in fiber
length. Thus, similar to NgR1, NgR2 func-
tions as an inhibitory receptor for MAG.

Ectopic expression of NgR2 in postnatal
CGNs augments the MAG
inhibitory response
In a parallel experiment to examine whether
NgR2 participates in MAG inhibitory re-
sponses, we used P7 CGNs. P7 CGNs
strongly express NgR1 and p75, but not
NgR2 (Fig. 7B). On CHO-MAG feeder lay-
ers the neurite growth of P7 CGNs is reduced
significantly compared with CGNs grown
on CHO feeder layers. Because NgR2 binds
MAG more strongly than NgR1, we ectopi-
cally expressed NgR2 in P7 CGN to examine
whether NgR2 functions as a productive re-
ceptor that increases MAG inhibition or be-
haves as a dominant-negative receptor that
binds MAG unproductively. In the latter
case, ectopic NgR2 may sequester MAG
away from NgR1 and thus lead to an increase
in neurite length. Purified P7 CGNs were
transfected by nucleofection (Maasho et al.,
2004) and cultured on control CHO or
CHO-MAG feeder layers (Fig. 7A). Neuro-
nal transfection efficiencies of �40% were
achieved, as revealed by double immunoflu-
orescence with anti-GFP and the neuron-
specific antibody TuJ1. Transfected GFP�

neurons cultured on CHO cells grow long
neurites within 24 h (Fig. 7A,C). When
plated on CHO-MAG monolayers, neurite
outgrowth of GFP� CGNs is strongly inhib-
ited. Quantification of neurite length of
GFP� CGNs on CHO-MAG cells revealed a
significant (53%) decrease in length com-
pared with controls on CHO cells (Fig. 7D).
When cotransfected with NgR2 and GFP
plasmid DNA (ratio, 3:1), GFP� neurons
coexpress NgR2, as shown by anti-NgR2 im-
munocytochemistry and immunoblotting
of transfected CGNs lysates (Fig. 7C), and
hereafter are referred to as NgR2� CGNs.
On CHO cells the neurite length of NgR2�

(34 � 3 �m) and GFP� CGNs (36 � 3 �m)
is very similar. On CHO-MAG cells, how-

Figure 7. Ectopic expression of NgR2 in P7 CGNs augments MAG inhibition. A, P7 rat CGNs were purified in a discontinuous
Percoll gradient and transfected by nucleofection with expression plasmids for EGFP (A1–A6 ) and a plasmid mixture for EGFP and
NgR2 (A7–A12). After transfection, the neurons were seeded on confluent monolayers of CHO (control) or CHO-MAG cells. Trans-
fected neurons were identified by double immunofluorescence labeling with anti-GFP (green) and TuJ1 (red). B, Immunoblotting
of untransfected P7 CGN lysates revealed expression of NgR1 and p75, but not NgR2. C, After nucleofection, the CGNs express NgR2,
as shown by anti-NgR2 ICC (left) and Western blot analysis (right). D, Quantification of neurite length. The number of neurites
measured for each condition is indicated in parentheses. Results are presented as the mean � SEM from four independent
experiments. *p � 0.008, significantly different from GFP � CGNs on CHO-MAG cells. Fiber length of GFP � and NgR2 � CGNs on
CHO is not significantly different; Kruskal–Wallis one-way ANOVA ( post hoc Dunn’s test). Scale bar, 30 �m.
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ever, NgR2� CGNs show a significant de-
crease (41%) in neurite length when com-
pared with GFP� CGNs (Fig. 7D). In
summary, these experiments reveal that ec-
topic expression of NgR2 in CGN, a cell type
that normally does not express NgR2, is suf-
ficient to increase the MAG inhibitory re-
sponse greatly. Thus we conclude that ec-
topic NgR2 in CGNs does not behave as a
dominant-negative MAG receptor but,
rather, functions as a productive receptor
that mediates MAG inhibition.

Structural basis of the
NgR2–MAG association
Previous studies have shown that the
NgR1–LRR cluster (NgR1Ecto 1–310) is
necessary and sufficient for the binding of
Nogo-66, MAG, and OMgp (Fournier et
al., 2002; K. C. Wang et al., 2002a; X. Wang
et al., 2002; Barton et al., 2003). Given the
high degree of conservation between NgR1
and NgR2 over the extent of the LRR cluster,
we first asked whether the corresponding se-
quences of NgR2, including the LRRNT-
LRR-LRRCT domains (NgR2Ecto1–313), are
sufficient to support high-affinity MAG
binding. Consistent with pervious reports,
deletion of the NgR1-unique domain
(NgR1�unique) does not alter the binding
properties of NgR1 toward Nogo-66, OMgp
(data not shown), or MAG-Fc. Significantly,
an analogous construct of NgR2 lacking the
unique domain (NgR2�unique) supports
MAG-Fc binding very poorly compared
with full-length NgR2 (Fig. 8). This indicates
that the NgR2Ecto1–313 is not sufficient for
high-affinity MAG binding and that se-
quences in the NgR2-unique domain are im-
portant for MAG binding.

To examine whether the NgR2-unique
domain is sufficient to support MAG bind-
ing, we fused the NgR3–LRR cluster to the
NgR2-unique domain, resulting in chimera
NgR3LRR/NgR2unique. Similar to wild-type
NgR3 (Fig. 2A), NgR3LRR/NgR2unique does
not support MAG-Fc or Nogo-66 binding
(Fig. 8A,B). Together, this suggests that the
NgR2-unique domain is necessary but not
sufficient for high-affinity MAG binding.
Next we asked whether the NgR1-unique
domain, when fused to the NgR2–LRR clus-
ter, restores high-affinity MAG binding and,
conversely, whether the NgR2-unique do-
main enhances binding to the NgR1–LRR
cluster. We generated two chimeric recep-
tors, NgR2LRR/NgR1unique and NgR1LRR/
NgR2unique, in which the unique domains of
NgR1 and NgR2 were swapped (Fig. 8A).
Interestingly, swapping of the NgR1- and
NgR2-unique domains reverses the MAG
binding preferences; similar to wild-type
NgR2, NgR1LRR/NgR2unique binds MAG

Figure 8. Structural basis of the NgR2–MAG association. A, A chimeric receptor strategy was pursued to identify the NgR2
domains necessary for MAG binding. Wild-type and mutant receptors were expressed transiently in COS-7 cells, and surface
expression and distribution were confirmed by anti-NgR1 or anti-NgR2 ICC under nonpermeabilizing conditions. Binding of
MAG-Fc was detected with an anti-human Fc AP-conjugated antibody and compared with AP-Nogo-66. Wild-type NgR1 and
NgR1-�unique support the binding of Nogo-66 and MAG. In stark contrast, wild-type NgR2, but not NgR2-�unique, supports
high-affinity MAG binding. Thus, the NgR2-unique domain is necessary for high-affinity MAG binding. Chimera VII indicates that
the NgR2-unique domain is not sufficient for MAG binding. Of note, chimera VI, composed of the NgR1–LRR cluster fused to the
NgR2-unique domain, supports high-affinity binding of Nogo-66 and MAG-Fc. B, Quantification of MAG-Fc (17 nM) binding to
wild-type and mutant receptors in relative AP units normalized to wild-type NgR2 (100%). Chimera VI supports MAG binding with
greater affinity than wild-type NgR2. C, Quantification of AP-Nogo-66 (10 nM) binding to wild-type and mutant receptors in
relative AP units normalized to wild-type NgR1 (100%). Constructs III and VI support AP-Nogo-66 binding with greater affinity
than wild-type NgR1. Results are presented as the mean � SEM from three to five independent binding experiments, normalized
to receptor cell surface expression. Scale bar, 10 �m.
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with high affinity, and, vice versa, NgR2LRR/NgR1unique binds MAG
with lower affinity similar to wild-type NgR1 (Fig. 8B). Of note,
chimera NgR1LRR/NgR2unique also binds strongly to Nogo-66 (Fig.
8B) and OMgp (data not shown). Thus chimera NgR1LRR/
NgR2unique embodies the high-affinity binding capacity of NgR2
toward MAG and that of NgR1 toward Nogo-66 and OMgp. The
complementary construct, chimera NgR2LRR/NgR1unique, binds
MAG weakly and does not support binding of Nogo-66 (Fig. 8B)
or OMgp (data not shown). Immunocytochemistry of transfected
COS-7 under nonpermeabilizing conditions was used to confirm
surface expression of all receptor constructs (Fig. 8 A).

The relative binding affinity (in AP units) of MAG-Fc for each
receptor construct was assessed quantitatively and normalized to
cell surface receptor expression. The average binding affinities of
MAG-Fc and AP-Nogo-66 to receptor chimera, normalized to
the wild-type NgR2–MAG (	 100%) and wild-type NgR1–
Nogo-66 (	 100%) interaction, are shown in Figure 8, B and C.
Of note, chimera NgR1 LRR/NgR2 unique supports AP-Nogo-66
binding 2.7-fold stronger than wild-type NgR1. In addition,
NgR1 LRR/NgR2 unique supports MAG binding with fivefold and
1.2-fold greater affinity than wild-type NgR1 and NgR2, respec-
tively. In summary, our structural analysis of the NgR2–MAG
association suggests that the NgR2–LRR cluster and the NgR2-
unique domain work cooperatively and are both necessary for
high-affinity MAG binding. Whereas the NgR2–LRR cluster is
necessary and sufficient to support MAG binding weakly, the
NgR2-unique domain is necessary but not sufficient for high-
affinity MAG binding. This is in sharp contrast to the NgR1-
unique domain, which is not necessary for maximal binding of
MAG or Nogo-66 to NgR1. Thus the structural basis of MAG
binding appears to be distinct and only partially conserved be-
tween NgR1 and NgR2. Although the NgR1 ligand-binding do-
main (LBD) is composed of the LRR cluster only, the NgR2 LBD
is more extended, including the LRR cluster as well as sequences
in the juxtaposed unique (stalk) domain.

NgR2 is an axon-associated glycoprotein abundantly
expressed in the adult brain
Based on our functional studies in primary neurons, the selectiv-
ity, and sialic acid dependence of the MAG–NgR2 association, we
hypothesized that NgR2 is a novel MAG receptor. If NgR2 is
indeed a MAG receptor, protein expression is expected to be
associated with projection neurons and to include axons of my-
elinated fiber tracts. To begin to address the tissue distribution of
NgR2 and its relation and relative abundance to NgR1, we used a
combination of in situ hybridization, immunohistochemistry,
and tissue immunoblotting. In situ hybridization with RNA
probes directed against the coding region of the less-conserved
unique portions of NgR1 and NgR2 revealed that both transcripts
are expressed broadly in the mature CNS and localized primarily
to cell bodies of projection neurons. In the retina, for example,
NgR2 is expressed in the ganglion cell layer (GCL) and the inner
segment of the inner granule cell layer (IGL), but not in the outer
granule cell layer (OGL). A very similar staining pattern, but with
lower intensity, was found for NgR1 (Fig. 9A). To examine
whether NgR1 and NgR2 are localized to axons, we performed
immunohistochemistry on adult retina. In line with our in situ
hybridization data and consistent with a role in axon– glia inter-
action, anti-NgR1 and anti-NgR2 IgG decorate retinal cell soma
in the GCL and axons of the optic fiber layer (OFL). In addition,
cell bodies in the IGL are labeled with anti-NgR2 and to a lesser
extent with anti-NgR1 (Fig. 9A). In cross sections of adult spinal
cord NgR2 expression is restricted to gray matter and is absent

from white matter. Particularly robust labeling is confined to
presumptive motor neurons in the ventral horn. Many large- and
small-caliber sensory neurons in DRGs express NgR2; the expres-
sion appears broad but heterogeneous, with some neurons being
labeled more intensely (Fig. 9B). To study the relative abundance
of NgR1 and NgR2 in different brain regions, we dissected spe-
cific areas and subjected them to immunoblotting, using our
anti-NgR1- and anti-NgR2-specific immune sera (Fig. 9C). Con-
sistent with histochemical studies (Fig. 9A,B) (Pignot et al.,
2003), both receptors are expressed broadly in the CNS, includ-
ing retina, olfactory bulb, septum, neocortex, entorhinal cortex,
hippocampus, striatum, and thalamus (Fig. 9C). Although ex-
pression of NgR1 and NgR2 appears to be very broad, we also
noticed clear differences in the relative abundance of NgR1 and
NgR2 within specific brain regions. In the retina, for example,
NgR2 is much more prominent than NgR1; conversely, in the
thalamus NgR1 is more prominent than NgR2. Robust expres-
sion of NgR1 and NgR2 is found in the neocortex, entorhinal
cortex, hippocampus, and striatum (Fig. 9C). Much weaker ex-
pression of NgR1 and NgR2 is observed in the olfactory bulb and
the septum. Taken together, the tissue distribution patterns of
NgR1 and NgR2 are overlapping, yet distinct, including numer-
ous populations of projection neurons. Moreover, NgR2, similar
to NgR1 (X. Wang et al., 2002), is found on myelinated axons.
Given that MAG is localized to myelin sheets immediately adja-
cent to the axon (Trapp et al., 1989), NgR1 and NgR2 are well
positioned to function as neuronal MAG receptors in vivo.

Neural NgR2 is localized to lipid rafts
Recent studies have shown that a number of neuronal receptors
that regulate axon growth and guidance are associated with
cholesterol- and sphingolipid-enriched membrane microdo-
mains called lipid rafts (Tsui-Pierchala et al., 2002; Guirland et
al., 2004). Specifically, several MAG receptor components, in-
cluding NgR1, p75, and GT1b, are localized to lipid rafts (Vinson
et al., 2003). Because MAG in myelinating glia also is associated
with lipid rafts, a model has been proposed in which MAG func-
tion involves lipid raft-to-lipid raft interaction on opposing
cell membranes. To begin to address whether NgR2 may par-
ticipate in such interactions, we isolated Triton X-100-
insoluble caveolin-positive membrane fractions from P14 rat
brain. Immunoblotting with anti-NgR1 and anti-NgR2 re-
vealed that both receptors are found nearly exclusively within
lipid rafts (Fig. 9D). Thus NgR2 may be part of a bidirectional
signaling system that regulates MAG inhibition of neurite out-
growth and maintenance of myelin integrity.

Discussion
Here we report on the identification of NgR2 as a neuronal MAG
receptor that functions in neurite growth inhibition. NgR2 sup-
ports high-affinity and sialic acid-dependent binding of MAG.
Consistent with a role as MAG receptor, NgR2 is expressed in
postnatal and adult neurons and localized to axons of myelinated
fiber tracts. Ectopic expression of NgR2 in neonatal DRG neu-
rons is sufficient to inhibit growth on MAG substrate. In more
mature neurons the ectopic expression of NgR2 augments the
MAG inhibitory response, indicating that NgR2 is a functional
MAG receptor. Soluble NgR2 has MAG antagonistic function
and promotes neurite growth on myelin substrate in vitro. Fi-
nally, molecular studies of the NgR2–MAG association revealed
that the LRR cluster and unique domain of NgR2 are necessary
for high-affinity MAG binding. Taken together, our results sug-
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gest that NgR2, together with NgR1, coordinates MAG/myelin
inhibitory neuronal responses.

NgR2 supports MAG binding in a sialic
acid-dependent manner
MAG is a sialic acid-binding lectin, and multiple lines of evidence
show that MAG inhibits growth in a sialic acid-dependent man-
ner (DeBellard et al., 1996; Shen et al., 1998; Vinson et al., 2001;
Vyas et al., 2002). Sialic acid binding alone, however, is not suf-
ficient to bring about MAG inhibition (Tang et al., 1997). This
suggests that in a functional recognition complex MAG is en-
gaged in multiple interactions, at least one of which is sialic acid-
dependent. Complex gangliosides have been identified as sialic
acid-dependent MAG ligands that function in growth inhibition
(Yang et al., 1996; Collins et al., 1997; Vinson et al., 2001; Vyas et
al., 2002). In addition, binding of MAG-Fc to primary neurons
and neuroblastoma cells is trypsin- and VCN-sensitive (DeBel-
lard et al., 1996; DeBellard and Filbin, 1999; Strenge et al., 1999),

arguing for the existence of a cell surface protein or proteins that
support high-affinity MAG binding. Consistent with this idea,
affinity precipitation with immobilized MAG-Fc identified spe-
cific protein interactions, some of which are sialic acid-
dependent (DeBellard and Filbin, 1999; Strenge et al., 1999).
Whether this is a reflection of MAG binding to a neuronal sialo-
glycoprotein or sialoglycoproteins or protein– ganglioside com-
plexes, however, remains unknown. Although several MAG
binding proteins have been characterized (Franzen et al., 2001;
Strenge et al., 2001), NgR1 is the first binding protein directly
shown to be part of a functional MAG receptor complex, yet the
observation that MAG binding to NgR1 is VCN-insensitive and
not modulated by the presence of GT1b adds an unexpected twist
to the characterization of the neuronal MAG receptor (Domeni-
coni et al., 2002; Liu et al., 2002).

Because many binding studies probing the lectin activity of
MAG were performed on primary neurons, we adopted a neuro-
nal culture system to examine whether NgR1 and/or NgR2 sup-

Figure 9. NgR2 is an axon-associated receptor broadly expressed in the postnatal and adult CNS. A, Comparison of NgR1 and NgR2 expression in adult retina of the rat. In situ hybridization shows
expression of NgR1 (A1) in presumptive retinal ganglion cells (RGCs; arrow) and the inner part of the IGL; see asterisk. A very similar but more robust expression in the retina was observed for NgR2
(A2). Consistent with the mRNA distribution, anti-NgR1 and anti-NgR2 label the cell bodies of RGCs and axons in the optic fiber layer (arrowhead). Anti-NgR1 labels the IGL weakly, and anti-NgR2
labels the IGL strongly (asterisk). B, Cross section of adult spinal cord at mid-thoracic level; dorsal is to the top (B1, B2, B4 ). NgR2 is expressed broadly in spinal gray matter but is absent from white
matter (B1, B2). Strong labeling is associated with presumptive motor neurons in the ventral horn (B2, arrow). Many small- and large-caliber sensory neurons in adult DRGs express NgR2 (B3).
Strongly labeled DRG cells (arrow) are interspersed with weakly labeled cells (B3). No signal was detected with a DIG-labeled sense RNA probe (B4 ). C, Anti-NgR1 and anti-NgR2 immunoblot of
different brain regions revealed broad expression of NgR1 and NgR2 in the mature CNS. The same blot was probed serially with anti-NgR2, anti-NgR1, and anti-actin (as a loading control); see Results
for details. D, In brain, the NgR1 and NgR2 are localized to lipid rafts. Triton X-100-insoluble lipid rafts were isolated from P14 brain extracts by flotation in a sucrose gradient and were subjected to
immunoblotting with anti-NgR1, anti-NgR2, and anti-caveolin. Scale bars: A1, A2, 200 �m; A3, A4, B2, B3, 100 �m; B1, B4, 250 �m.
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ports MAG binding in a sialic acid-dependent manner. We found
that in neonatal DRGs the ectopic expression of NgR2 (and to a
lesser extent NgR1) is sufficient to confer high-affinity and sialic
acid-dependent MAG binding. Affinity precipitation studies with
MAG-Fc, similar to the ones originally used to probe binding
partners on neuronal cells (DeBellard and Filbin, 1999; Strenge et
al., 1999), showed that MAG binding to NgR1 and NgR2 is VCN-
sensitive. This contrasts with studies in non-neuronal cells in
which NgR1 (Domeniconi et al., 2002; Liu et al., 2002) and NgR2
(K. Venkatesh and R. Giger, unpublished data) support MAG
binding in a sialic acid-independent manner. Because NgR1 and
NgR2 normally are expressed in neurons, we propose that in a
neuronal environment NgR1 and NgR2 are part of a high-affinity
and sialic acid-dependent MAG recognition complex. Thus our
data fit a model in which NgR1 and NgR2 harbor sialic acid-
dependent as well as sialic acid-independent MAG docking sites.
For maximal binding strength both sites are necessary. An impor-
tant next question concerns the elucidation of the molecular basis
of the sialic acid dependence of the MAG–NgR2 and MAG–NgR1
interactions in neurons.

We observed that VCN treatment of neuronally expressed
NgR1 and NgR2 causes a small but significant drop (�2–3 kDa)
in the molecular weight of both receptors. This indicates that
both receptors either are highly sialylated glycoproteins (�10
terminal sialic acid residues) or alternatively associate with gan-
gliosides in a VCN-sensitive but SDS-resistant manner. Given
that NgR1 occurs as multiple isoelectric variants with a pI range
of 6 – 8 (our unpublished observation), a large number of termi-
nal sialic acids appear to be unlikely. SDS-resistant interactions of
proteins with gangliosides, on the other hand, have been re-
ported, most notably p75 binding to GT1b (Yamashita et al.,
2002). Interestingly, the molecular weight of GT1b and other
MAG-binding gangliosides is �2 kDa. Because gangliosides sup-
port MAG binding in a sialic acid-dependent manner and are
necessary for MAG inhibition (Vyas et al., 2002), it is tempting to
speculate that in neurons NgR1 and NgR2 associate with a spe-
cific ganglioside or gangliosides to form a high-affinity MAG-
binding complex.

NgR2 is a neuronal MAG receptor that mediates
growth inhibition
To examine whether NgR2 functions as a neuronal MAG recep-
tor, we expressed NgR2 in neonatal DRGs and P7 CGNs, two cell
types that normally do not express NgR2. Ectopic expression of
NgR1 or NgR2 in NGF-responsive DRG neurons results in a
significant decrease in neurite length on CHO-MAG, but not on
control CHO feeder cells. This suggests that ectopic NgR2, simi-
lar to NgR1, functions as a neuronal MAG receptor that mediates
growth inhibition. Ectopic NgR1 and NgR2 abolish the growth-
promoting effect of MAG on neonatal DRG neurons, resulting in
fiber length that is comparable to that observed on control CHO
feeder layers. The relatively modest decrease in fiber length ob-
served in NgR1� and NgR2� DRG neurons is somewhat surpris-
ing, given the strong inhibitory activity of MAG toward more
mature neurons. In light of the fact that neonatal DRG neurons
are still neurotrophin-dependent, it is likely that they are in a
“primed” state, and thus forced expression of NgR1 or NgR2 may
not lead to a robust MAG inhibitory response (Cai et al., 1999).
Alternatively, MAG inhibition may be limited because a receptor
component or components other than NgR1 or NgR2 are not
expressed sufficiently in neonatal DRG. Given that MAG-
signaling components are present in embryonic neurons of dif-
ferent origin (Liu et al., 2002; Wong et al., 2002), this, however,

appears to be unlikely. Although our studies in DRGs show that
ectopic NgR1 and NgR2 lead to a decrease in neurite growth on
CHO-MAG cells, we formally cannot distinguish between the
following two possibilities: (1) NgR1 and NgR2 are functional
MAG receptors that mediate inhibition, and (2) ectopic NgR1
and NgR2 bind MAG unproductively, sequestering it away from
a receptor system that normally promotes growth of neonatal
DRG neurons; as a result, neurite length is decreased.

Our interpretation that ectopic NgR2 mediates MAG inhibi-
tion in neonatal DRG neurons is consistent with the NgR2 gain-
of-function studies in postnatal CGNs. Forced expression of
NgR2 in CGNs greatly increases the MAG inhibitory response.
Together, these findings indicate that NgR2 does not function as
a decoy receptor that binds MAG unproductively but, rather,
operates as a high-affinity MAG receptor that brings about
inhibition.

Structural insights in ligand–receptor interactions
While this manuscript was in preparation, a study reported that
NgR2 does not support MAG binding, a finding conflicting with
our observations (Barton et al., 2003). The main difference be-
tween the two studies is that Barton et al. (2003), used soluble
AP-MAG, whereas we used MAG-Fc, a bioactive form of MAG,
for receptor binding. To compare the two ligands directly, we
generated AP-MAG. Consistent with Barton et al. (2003), NgR1,
but not NgR2, selectively supports binding of AP-MAG (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). When coupled with our finding that the structural
basis of MAG binding is different for NgR1 and NgR2, we pro-
pose that AP tagging of MAG sterically interferes with binding to
NgR2, but not to NgR1.

NgR2 and MAG signaling
Similar to NgR1, NgR2 is linked to the outer leaflet of the neuro-
nal plasma membrane by a GPI anchor. Thus NgR2-mediated
MAG inhibition depends on the interaction with additional re-
ceptor components, at least one of which is expected to possess a
cytoplasmic domain. Obvious signal-transducing candidates for
NgR2 are the pan-neurotrophin receptor p75 (K. C. Wang et al.,
2002b; Wong et al., 2002) and Lingo-1 (Mi et al., 2004). Alterna-
tively, binding of NgR2 to NgR1 in cis may lead to an indirect
activation of p75/Lingo-1. Our preliminary studies indicate that
NgR2 does not associate with p75 in neurons (Chivatakarn et al.,
2004), raising the interesting possibility that p75-independent
mechanisms exist to bring about MAG inhibition.

Although MAG has received most attention for its role as an
inhibitor of axonal regeneration, in steady state the MAG func-
tion has been attributed to stabilization of myelin–axon interac-
tions by binding to complementary ligands on the axolemma
(Schachner and Bartsch, 2000). Growing evidence suggests that
MAG is a bifunctional molecule that, with binding to neuronal
cell surface ligands, signals to oligodendrocytes (Umemori et al.,
1994; Sun et al., 2004). It will be interesting to explore whether
NgR1 and NgR2, in addition to their function as MAG/myelin
receptors, serve as neuronal MAG ligands that contribute to the
stability of myelin sheets and their associated axons in vivo.
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