completion of the three viscous load conditions (Supplementary Information). Monkey C
was trained to perform movements with loads to eight directions uniformly distributed in
hand-space. In order to save time during the viscous load conditions, neural activity was
recorded only to targets at 90° and 270°, directions associated with large shoulder and
elbow rotations, and thus large loads (Supplementary Information).

Data analysis

Cell activity was represented as the number of action potentials recorded between 150 ms
before movement onset (defined on the basis of 5% of peak tangential hand velocity) and
peak tangential hand velocity. Muscle torques at the shoulder and elbow were computed
using inverse dynamics’. Differences in mean cell discharge were assessed between load
conditions and across movement directions using two-way ANOVA followed by
individual comparisons between means using a Bonferroni correction for multiple
comparisons. For monkeys A and B, differences were considered significant at P < 0.0021
(P < 0.05/ 24 comparisons: 8 target directions X 3 load conditions); for monkey C
differences were considered significant at P < 0.0083 (P < 0.05 / 6 comparisons: 2
targets X 3 loads). All probability values reported in the text represent Bonferroni-
corrected values.

The preferred direction (PD), the direction of maximal activity, of each cell for
unloaded reaching movements was computed'**'. We also defined a load-related PD based
on the absolute change in cell activity between NL and each load condition. In this case, the
preferred direction signified the largest change (either increase or decrease) in activity.
Bootstrap techniques were used to identify whether these directional signals were
statistically significant (P < 0.01)'**.

In each monkey, the EMG activity of up to 16 forelimb muscles (mono- and bi-
articular muscles spanning shoulder and elbow) was recorded during conditions NL, VB,
VS and VE. Pairs of single-strand wires were inserted percutaneously in monkeys A, B and
C, and pairs of multi-strand wires were implanted chronically in monkeys A and C under
aseptic conditions'**. Some muscles were sampled twice in monkeys A and C, once using
chronically implanted wires and a second time using percutaneously inserted wires
providing a total of 57 samples of EMG (Supplementary Information).
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Oligodendrocyte-myelin glycoprotein
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The inhibitory activity associated with myelin is a major obstacle
for successful axon regeneration in the adult mammalian central
nervous system (CNS)"% In addition to myelin-associated glyco-
protein (MAG)>* and Nogo-A>7, available evidence suggests the
existence of additional inhibitors in CNS myelin®. We show here
that a glycosylphosphatidylinositol (GPI)-anchored CNS myelin
protein, oligodendrocyte-myelin glycoprotein (OMgp), is a
potent inhibitor of neurite outgrowth in cultured neurons. Like
Nogo-A, OMgp contributes significantly to the inhibitory
activity associated with CNS myelin. To further elucidate the
mechanisms that mediate this inhibitory activity of OMgp, we
screened an expression library and identified the Nogo receptor
(NgR)° as a high-affinity OMgp-binding protein. Cleavage of NgR
and other GPI-linked proteins from the cell surface renders axons
of dorsal root ganglia insensitive to OMgp. Introduction of
exogenous NgR confers OMgp responsiveness to otherwise
insensitive neurons. Thus, OMgp is an important inhibitor of
neurite outgrowth that acts through NgR and its associated
receptor complex. Interfering with the OMgp/NgR pathway
may allow lesioned axons to regenerate after injury in vivo.

To examine whether any GPI-linked proteins in CNS myelin act
as inhibitors of neurite outgrowth, we treated purified myelin from
bovine white matter with phosphatidylinositol-specific phospho-
lipase C (PI-PLC) and examined the released proteins for their
ability to alter growth cone morphology in an assay of growth cone
collapse using dorsal root ganglia from chicks at embryonic day 13
(E13 DRG)**"°. PI-PLC-released proteins from CNS myelin exhib-
ited marked growth cone collapsing activity (Fig. 1). By SDS—
polyacrylamide gel electrophoresis (PAGE) and silver staining,
we found that a band of relative molecular mass about 110,000
(M, ~110K) was significantly enriched in this fraction (Fig. 2a).
Because the size of this band was similar to that of a previously
identified CNS myelin protein, OMgp'"'*, we used anti-OMgp
antibodies to detect enrichment of cleaved OMgp in the PI-PLC
supernatants by western blot. Anti-OMgp antibodies detected a
band of comparable size in the PI-PLC-treated supernatants
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(Fig. 2b), suggesting that OMgp is a component released from CNS
myelin by PI-PLC. Next, we examined whether purified recombi-
nant OMgp protein was able to inhibit neurite outgrowth in both
the growth cone collapse®®'* and the neurite outgrowth assays*”~.
Like the PI-PLC-treated myelin supernatants, purified recombinant
polyhistidine-tagged OMgp protein (OM-His), but not proteins
purified from COS-7 cells transfected with a control vector (data
not shown), induced the collapse of E13 DRG growth cones dose
dependently. The effective concentration for half-maximal response
(ECsg) for OM-His was about 1.5nM (Fig. 2¢). Consistent with the
notion that it is an inhibitor of neurite outgrowth, the OMgp
protein is highly expressed by mature oligodendrocytes positive for
myelin basic protein (MBP)", and enriched in the axon-adjacent
myelin layers'"'*>. Moreover, OM-His, when presented either as an
immobilized substrate or in a soluble form (Fig. 2d, e), inhibited
neurite outgrowth of cerebellar granule neurons (CGNs) from rats
at postnatal day 7-9 (P7-9), also dose dependently. The OMgp-
induced inhibitory responses were similar to that brought about by
treatment of the same neurons with an alkaline phosphatase fusion
protein containing the 66-amino-acid extracellular domain of
Nogo-A (AP-66)*° (Fig. 2c—e). This suggests that OMgp, like
Nogo-66, is a potent neurite outgrowth inhibitor.

To further examine the functional importance of OMgp as a CNS
myelin-associated inhibitor, we used peanut agglutinin (PNA)—
agarose beads'' to specifically deplete OMgp from solubilized
CNS myelin. Although the inhibitory activity in the PNA-depleted
myelin was significantly lower than that in control myelin, the
OMgp-enriched eluates from the same PNA column displayed a
potent inhibitory activity (see Supplementary Information). By
using a combination of PNA-agarose'' and Q-Sepharose>'>'
columns, we generated myelin fractions enriched in MAG, Nogo-
A or OMgp. Comparisons of the ECs; for each of these fractions
show that the OMgp-enriched fraction inhibited neurite outgrowth
to a similar extent as the Nogo-A-enriched fraction, but more than
the MAG-enriched fraction (see Supplementary Information).

To investigate the mechanisms by which OMgp inhibits neurite
outgrowth, we used an AP-OMgp fusion protein (AP-OM) as a
probe to identify OMgp-binding proteins on the cell surface by an
expression cloning strategy®'>'”. We examined pools of comp-
lementary DNA from an adult human brain ¢cDNA expression

Control

PI-PLC sup.

(o]
o

E13 DRG growth
cone collapse (%)
5 O
o o

N
o

Control  PI-PLC
sup. sup.

0" Control

Figure 1 GPI-anchored myelin component(s) induces growth cone collapse. a, Chick E13
DRG explants exposed to nothing (control), and the supernatant of CNS myelin-treated
with (PI-PLC sup.) or without (control sup.) PI-PLC. Scale bar, 40 pm. b, Quantification of
the results shown in a. Asterisk, collapse significantly different (P < 0.005, Student’s
t-test) from control.
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library, and isolated two cDNAs that encoded OMgp-binding
proteins. Sequence analysis revealed that both ¢cDNAs contained
the full-length coding region of the Nogo-66 receptor (NgR), a
high-affinity receptor for the extracellular domain of Nogo-A
(ref. 9). We then determined the binding affinity of expressed
NgR for AP-OM as 5nM, similar to that determined for Nogo-66
(7nM)°. These data suggest that NgR is a protein that binds OMgp
with high affinity. We next performed co-precipitation experiments
by incubating glutathione S-transferase (GST) or a GST fusion
protein containing the entire extracellular domain of NgR (GST-
NgR) with or without OM-His. GST-NgR (Fig. 3a, lane 6), but not
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Figure 2 OMgp is a myelin-associated inhibitor. a, Silver staining of untreated (—, lane 1)
and PI-PLC-treated (+, lane 2) protein supernatants. b, Western blot of the same samples
probed with anti-OMgp antibodies. ¢, Quantification of the results of E13 chick DRG
growth cone collapse assays. Estimated ECsq: 2.3 nM (AP-66) and 1.5 nM (OM-His).

d, Distributions of rat CGNs with different neurite lengths plotted as cumulative
histograms. e, Neurite lengths (mean = s.e.m.) quantified from neurons cultured on
immobilized substrates or in the presence of soluble recombinant proteins. Statistical
analysis was done by one-way analysis of variance (ANOVA) (F = 48.78, d.f. = 26,

P < 0.001) using a post-hoc Fisher protected test. All groups are significantly different
from the control PDL group in d and e.

NATURE | VOL 417 | 27 JUNE 2002 | www.nature.com/nature




letters to nature

a b c d 100,
GST++++ - - —-— Signal LRR LRRCTCTE\Q’/I tﬁf&ﬁ% gi’r\w/l&ﬁz 2 1
GST-NgR- - = = + + + + NgR FEEEE-B—14  ++ 44 8 801
OM-His— + + + — + + + NgR £8 7
AP%F;S_ -+ - - - Signal AP LRR S/T binding NgR-CT IHIll- 8 T R 601
Blottin 0~~~ * Tt AP-OM HIHEERHN ++ NgR-LRRCT/CT IHill - - 8 g ]
Ant-OMgp[ MMNOMOP  ap \pr Hum-E NgR-LRR B . - 273 40

NgR-LRR/LRRCT L 1V «Ap-

~MwwGSTNGR pp-s7 HE-E  + © AP-66
Anti-GSTI: w AP s OM-His
GST 1 R )

il Ap N - 0

12345678

Figure 3 The Nogo-66 receptor is an OMgp-binding protein. a, Co-precipitation of GST or
GST-NgR with OM-His in the presence of AP or AP-66. b, Summary diagram of different
AP—-OMgp fusion proteins binding to NgR-expressing cells. Signal, signal peptide.

¢, Summary diagram of AP-66 and OM-AP binding to COS-7 cells expressing different

the control GST protein (lane 2), bound to OM-His, suggesting a
direct interaction between NgR and OMgp. We further determined
which domain(s) of OMgp was responsible for binding to NgR.
Like NgR, OMgp is a GPI-linked protein containing a leucine-rich
repeat (LRR) domain. An AP fusion protein containing only the
LRR domain of OMgp (AP-LRR) was found to be sufficient to
bind strongly to NgR-expressing cells (Fig. 3b). In addition, the
carboxy-terminal domain with serine-threonine repeats (AP-S/T)
alone was also able to bind weakly to NgR-expressing cells (Fig. 3b).

To explore how NgR interacts at the molecular level with these
two inhibitors, we made a series of deletion constructs of NgR. We
found that, although both the LRR and C-terminal LRR (LRRCT)
domains of NgR were required for binding to OMgp, the LRRCT
domain alone was sufficient for binding to Nogo-66 (Fig. 3¢). Thus,
OMgp and Nogo-66 bind to overlapping regions of NgR. In
assays of cell-surface binding (data not shown) and co-precipitation
(Fig. 3a), AP-66 and OM-His proteins consistently competed
for binding to NgR. To examine the functional consequences of
the molecular interaction of the two ligands with NgR, we com-
pared the collapsing activity of OM-His plus AP-66 with that of
OM-His or AP-66 alone (Fig. 3d). The estimated ECs, for OM-His
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Figure 4 NgR mediates OMgp-elicited growth cone collapse. a, Results of growth cone
collapse assays on E13 chick DRG. Statistical analysis was by one-way ANOVA

(F=1,249, d.f. = 23, P < 0.0001), using a post-hoc Fisher protected test. b, Collapse
responses to OM-His of chick E7 RGC explants infected with HSV-LacZ or HSV-NgR. Scale
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truncations of NgR. CT, unique C-terminal region; TM/GPI, transmembrane domain/GPI
anchor. d, Growth cone collapse responses of E13 chick DRG induced by AP-66 alone,
OM-His alone, or AP-66 plus OM-His (estimated ECsq are 2.3 = 1.3nM, 1.6 = 1.3nM
and 2.5 = 1.1nM for these treatments, respectively).

plus AP-66 (2.5 nM) was similar to that for OM-His (1.5 nM) and
AP-66 (2.3nM), suggesting a redundant effect between OM-His
and AP-66 in inducing growth cone collapse. Because the binding
affinities of both OMgp and Nogo-66 to NgR are similar, our
results imply that these two myelin components act independently
through NgR to inhibit neurite outgrowth.

Because the GPI-linked NgR protein can be released by PI-PLC,
we next examined whether PI-PLC treatment could affect axonal
responsiveness to OMgp. Consistent with a previous study’, PI-PLC
treatment did not alter the growth cone morphology of E13 chick
DRG neurons, but rendered these axons insensitive to Nogo-66
(Fig. 4a). Similarly, PI-PLC treatment abolished the growth cone
collapsing activity of OMgp (Fig. 4a). As a control, the growth
cone collapsing activity of Semaphorin 3A'™", known to be
mediated by transmembrane receptor molecules including neuro-
pilin-1 and members of the plexin family'®, was not affected by
PI-PLC treatment (Fig. 4a). Even though PI-PLC also cleaves
other GPI-anchored proteins on the axonal surface, these results
support the notion that GPI-anchored proteins, most probably
NgR, act as necessary signal transducers of the inhibitory activity of
OMgp.
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bar, 5um. ¢, Quantified results from b. Statistical analysis was by one-way ANOVA
(F=126.6, d.f. = 26, P < 0.0001), using a post-hoc Fisher protected test. Asterisks in
a and ¢ mark collapse percentages significantly different from untreated controls.
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To assess whether NgR is capable of mediating OMgp-induced
inhibitory activity on neurite outgrowth, we took a gain-of-func-
tion approach to examine whether expression of NgR conferred
OMgp responsiveness to otherwise insensitive neurons. Chick E7
retinal ganglion neurons (RGN) are insensitive to Nogo-66, but
introduction of exogenous NgR in these neurons renders their
growth cones responsive to Nogo-66 (ref. 9). Using the same
strategy, we made a recombinant herpes simplex virus (HSV) that
drives expression of a Flag-tagged full-length human NgR (Flag-
NgR) in infected neurons. Upon infection, 80% of the E7 RGNs
expressed the Flag-NgR protein, as assessed by immunocytochem-
istry with an anti-Flag antibody. No significant morphological
changes were observed in the HSV-infected neurons (Fig. 4b, c).
Consistent with a previous study’, expression of Flag-NgR, but not
control 3-galactosidase, conferred a growth cone collapse response
to Nogo-66 in E7 RGN (Fig. 4c). Furthermore, the growth cones of
NgR-expressing axons also became collapsible by OMgp (Fig. 4b, ¢).
Taken together, our results suggest that, like Nogo-66, OMgp acts
through NgR and its associated receptor complex to inhibit axon
outgrowth. In contrast to Nogo-A, most of which is localized
intracellularly’>”, OMgp is predominantly localized on the surfaces
of oligodendrocytes and axon-adjacent myelin layers'"'>',
suggesting that OMgp is a physiological ligand of NgR. Although
the precise contributions of OMgp and Nogo-A in restricting axon
regeneration in vivo remain to be determined, our results suggest
that multiple inhibitors may exert their effects through the same
signalling pathway, which may provide crucial insights into stimu-
lating axon regeneration after human CNS injury. O

Methods
Purification, PI-PLC treatment and OMgp depletion of myelin

Myelin was prepared from white matter of bovine brain according to established
protocols'”. For PI-PLC treatment, aliquots of myelin suspensions in water (10 mgml™")
were incubated with or without 2.5 Uml ™" PI-PLC (Sigma) at 37 °C for 2 h, before
centrifugation (360,000¢ for 60 min). The supernatants were concentrated, partitioned in
Triton X-114, and used for assays and for detection by western analysis.

Expression cloning and binding experiments
Sequences encoding mouse OMgp were amplified from Marathon-ready mouse cDNA
(Clontech) and confirmed by sequencing analysis, before subcloning into the expression
vector AP-5 (ref. 9) to express an AP-OM fusion protein tagged with both a polyhistidine
and a Myc epitope. The resultant plasmid DNA was transfected into COS-7 cells and the
secreted protein purified using nickel-agarose resins (Qiagen).

For expression cloning of OMgp-binding proteins, pools of 5,000 arrayed clones
from a human brain cDNA library (Origene Technologies) were transfected into
COS-7 cells, and cell-surface binding with AP-OM was performed as described
previously®'*"7. We isolated single NgR cDNA clones by subdividing the pools and
sequencing analysis.

Recombinant proteins and viruses and co-precipitation

To express recombinant OMgp for functional assays, we subcloned the coding region of
mouse OMgp (amino acids 23-392) into pSecTag B (Invitrogen) to express His-tagged
OMgp protein (OM-His) in COS-7 cells. The expressed OM-His protein was purified
using a nickel resin. To construct recombinant HSV, cDNAs for Flag-tagged NgR or
{-galactosidase were inserted into the HSV amplicon HSV-PrpUC and packaged into the
virus using helper 5d11.2, as described previously. To produce recombinant Nogo-66
protein, the sequence of Nogo-66 was amplified from a human ¢cDNA clone, KIAA0886
(Kazusa DNA Research Institute), and used to generate a construct expressing the AP-66
protein as described elsewhere®. Antibodies against Nogo-A and MAG were purchased
from Alpha Diagnostics and R&D Systems, respectively.

In co-precipitation experiments, 2 pg GST or GST-NgR were first immobilized to
glutathione-agarose beads and the beads were further incubated with or without 1 ug
OM-His in the presence of 2 pg of AP or AP-66 at 4 °C for 2 h. After extensive washing,
bound proteins were resolved with SDS—PAGE and detected by western blotting.

Growth cone collapse and neurite outgrowth assays

Chick E13 DRG and E7 retina were isolated and cultured as described previously”'®. DRG
explants cultured overnight were used for growth cone collapse assays. In untreated
control cultures, 80—85% of the growth cones were intact. To assess the effects of PI-PLC
treatment, cultures were pre-incubated with 2 U ml ™! PI-PLC for 30 min before treatment
with individual test proteins for another 30 min. To express NgR in E7 retinal ganglion
neurons, we infected the explants with recombinant HSV for 24 h. After incubation with
each test protein for 30 min, retinal explants were fixed in 4% paraformaldehyde and 15%
sucrose. Infection of HSV-LacZ was detected by a standard 8-galactosidase staining
protocol®. Flag-NgR expression was detected by incubating paraformaldehyde-fixed
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cultures with the M2 anti-Flag antibody. Bound antibody was detected by incubation with
AP-conjugated anti-rabbit immunoglobulin-y (IgG) secondary antibody and reaction
with nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indoxyl phosphate (BCIP)>.
Growth cone collapse was quantified only in those positively stained for 3-galactosidase or
immunoreactive for the Flag epitope. The means * s.e.m. from more than 400 growth
cones per condition in three separate experiments are presented.

Neurite outgrowth assays were performed as described previously'>?'. Briefly, P7-9 rat
CGNs were dissected and then plated at a density of 1 X 10° cells per well. Cells were
cultured for 24 h before being fixed with 4% paraformaldehyde and stained with a
neuronal-specific anti-3-tubulin antibody (TuJ-1, Covance). Neurite lengths were
measured from at least 150 CGNs per condition, from duplicate wells per experiment, and
from three independent experiments, and quantified as described previously™.

Received 3 April; accepted 23 May 2002; doi:10.1038/nature00867.
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