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The adult mammalian CNS has a limited capacity for nerve
regeneration and structural plasticity. The presence of glia-
derived inhibitory factors myelin-associated glycoprotein
(MAG) and Nogo-A have been suggested to provide a nonper-
missive environment for elongating nerve fibers. In particular,
Nogo-A, an integral membrane protein predominantly ex-
pressed by oligodendrocytes, has been demonstrated to impair
neurite growth in vitro and in vivo. Structure function analysis
revealed that Nogo-A protein contains at least two active do-
mains, NiG and Nogo-66, with diverse effects on neurite out-
growth and cell spreading. We now provide evidence that these
inhibitory domains mediate their effects via an antagonistic

regulation of the small GTPases RhoA and Rac1, resulting in
activation of RhoA and suppression of Rac1. By inactivating
RhoA with C3 transferase or the downstream effector Rho-
kinase ROCK with Y27632, the inhibitory effects of both
Nogo-A fragments and MAG on neurite outgrowth and
oligodendrocyte-mediated growth cone collapse were abol-
ished. Furthermore, we show that the recently cloned receptor
for Nogo-66 and MAG, NgR, is not necessary for either NiG- or
MAG-induced RhoA activation.

Key words: regeneration; neurite growth inhibitors; CNS my-
elin; Nogo-A; MAG; small GTPases; signal transduction

The molecular mechanisms by which axon regeneration is ham-
pered in the adult mammalian CNS are poorly understood. The
lack of growth-promoting molecules together with the presence
of negative extracellular cues are thought to provide a nonper-
missive environment for regrowing fibers. In particular, two com-
ponents present in CNS myelin have been characterized as potent
inhibitors of axonal growth: the myelin-associated glycoprotein
(MAG) (Qiu et al., 2000) and Nogo-A, the largest transcript of
the recently identified nogo gene (formerly called N1-220) (Chen
et al., 2000; GrandPré et al., 2000; Prinjha et al., 2000). Depend-
ing on the developmental stage of the neuron, MAG and its
soluble, cleaved form, dM AG, which is released in abundance
from isolated or damaged myelin, can potently inhibit neurite
outgrowth in vitro and are thought to be equally potent in vivo
(Mukhopadhyay et al., 1994; DeBellard et al., 1996; Li et al., 1996;
Schafer et al., 1996; Tang et al., 1997, 2001). Binding of MAG to
sialic residues has been shown to be essential for neurite out-
growth inhibition (DeBellard et al., 1996), but the long sought
neuronal receptor that transmits MAG signals remains elusive.
Similarly, Nogo-A acts as a potent neurite growth inhibitor in
vitro and represses axonal regeneration and structural plasticity in
the adult mammalian CNS in vivo (Huber and Schwab, 2000). The
inhibitory activity of Nogo-A resides in both the N-terminal part

Received April 8, 2002; revised Aug. 15, 2002; accepted Sept. 25, 2002.

This work was supported by Swiss National Science Foundation Grant 31-58398
and Austrian National Bank Project 9041 (C.E.B.). We thank Drs. M. Filbin for
providing the MAG-CHO cells, A. Turnley for the cDNA coding for MAG-Fc
fusion protein, A. Hall for the transferase C3-GST cDNA, M. Chao for the
anti-p75N TR antibodies and the APtag5-vector, and M. Reindl for help with the
statistical analysis.

Correspondence should be addressed to Christine E. Bandtlow, Institute of
Medical Chemistry and Biochemistry, Division of Neurobiochemistry, Leopold-
Franzens-University of Innsbruck, Fritz-Pregl-Strae 3, A-6020 Innsbruck, Austria.
E-mail: christine.bandtlow@uibk.ac.at.

Copyright © 2002 Society for Neuroscience 0270-6474/02/2210368-09$15.00/0

of the molecule, called NiG (Chen et al., 2000; Prinjha et al., 2000;
Fournier et al., 2001), and the Nogo-66 domain, a stretch of 66
amino acids (aa) spanning the two putative transmembrane do-
mains (GrandPré et al., 2000; Fournier et al., 2001). Moreover,
NiG consists of several discrete regions that exhibit diverse in-
hibitory properties in vitro, the most potent being a 181 amino
acid region (NiG-A20) (Oertle et al., 2001) (T. Oertle and M. E.
Schwab, unpublished observations).

The signaling mechanisms responsible for the transduction of
the inhibitory properties of MAG and Nogo-A domains are not
well understood. Recent evidence supports the notion that cy-
toskeletal components required for proper axonal pathfinding
and the formation of axons and dendrites are differentially regu-
lated by members of the Rho family, including RhoA, Racl, and
Cdc42 (Luo, 2000; Dickson, 2001). A complex cross-talk between
Rho proteins seems to be crucial for this regulation (Dickson,
2001). Rho proteins serve as a molecular switch by cycling be-
tween an inactive GDP-bound state and an active GTP-bound
state (Bishop and Hall, 2000). In their active state, these GTPases
bind characteristic sets of effector proteins. The most important
effector of RhoA in the growth cone is probably the serine—
threonine kinase Rho-kinase ROCK (Bito et al., 2000). Genetic
studies of ROCK function in growth cone guidance have not yet
been reported, but in vitro experiments support the idea that
ROCK is a negative regulator of growth cone motility (Bito et al.,
2000).

In the present study, we examine the possible role of Rho
proteins in mediating the neurite growth-inhibiting effects of
MAG and the two functional domains of the Nogo-A molecule
NiG and Nogo-66. Our results show that NiG, Nogo-66, and
MAG oppositely regulate RhoA and Racl, by enhancing RhoA
and suppressing Racl activities in cerebellar granule cells.
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MATERIALS AND METHODS

Materials. Y27632, a specific inhibitor of the Rho-dependent serine—
threonine kinase ROCK (Ishizaki et al., 2000), was a generous gift from
Yoshitomi Pharmaceutical Industries (Saitama, Japan).

DNA constructs. The coding sequence for rat Nogo-66 (aa 1026-1091
of rat Nogo-A) was obtained by PCR wusing the primers 5'-
CTGGGATCCAGGATA TATAAGGGCGTG-3', containing a BamH1
site, and 5'-CGCTCGAGCTTCAGGGAAT C AACTAAATC-3’, con-
taining a Xhol site. The restriction sites for directional cloning are
underlined. The resulting PCR product was subcloned into the BamHI/
Xhol sites of pGEX6-P (Amersham Biosciences, Uppsala, Sweden) for
the production of glutathione S-transferase (GST) fusion proteins. The
codon sequence for the rat Nogo-A-specific part describing aa 174-979
(rat NiG) was obtained by partial digestion of rat Nogo-A-pET28 plasmid
(pET28 was from Novagen, Madison, WI) with Hincll. The resulting
plasmid (rat NiR-G) was digested with BamH]I/Bsal, followed by Mung
Bean nuclease treatment. All plasmids were sequenced to confirm that no
errors were introduced.

Preparation of recombinant fusion proteins. Escherichia coli BL21/DE3
were transformed with the bacterial expression vectors and grown in
2xYT (Invitrogen, San Diego, CA) in the presence of 100 pg/ml ampi-
cillin (GST-Nogo-66) or 30 ug/ml kanamycin (NiG). Expression of
fusion proteins was induced by addition of 1 mM isopropyl-1-thio-B-D-
galactopyranoside (final concentration) (Roth, Reinach, Switzerland) to
a log phase culture at 30°C for 3-4 hr. Cells were centrifuged at 10,000 X
g for 10 min at 4°C, and pellets were frozen at —20°C. For the purification
of the highly expressed fusion proteins, cell pellets were resuspended
with B-Per (Pierce, Rockford, IL), incubated on a shaker for 20 min, and
centrifuged at 14,000 X g for 20 min at 4°C. Supernatants of GST-
Nogo-66 were purified with glutathione-Sepharose beads (Sigma, De-
isenhofen, Germany) in a batch procedure according to the instructions
of the manufacturer (Amersham Biosciences). For some experiments,
the GST tag was removed by incubation of the solubilized rat GST-
Nogo-66 fusion protein with PreScission protease, followed by reverse-
phase HPLC (RP-HPLC) (M. Zurini, Novartis, Basel, Switzerland).
GST-C3 protein was cleaved from the GST by overnight incubation with
thrombin (Sigma). Thrombin was removed by incubation with para-
aminobenzamine-Sepharose (Amersham Biosciences), and the superna-
tant was concentrated to 1 mg/ml and dialyzed against 50 mm NaCl, pH
7.5, 0.1 m NaCl, and 5 mm MgCl,. Purity and complete removal of
thrombin was confirmed by SDS-PAGE and silver staining. NiG ex-
pressed with pelB leader was obtained from the periplasmic space ac-
cording to the Novagen protocol for periplasmic protein purification.
Supernatants of pET28 constructs were purified using the Co>"-Talon
Metal Affinity Resin (Clontech, Cambridge, UK) in a batch procedure.
B-Per solubilized lysates were brought to nondenaturing conditions by
increasingly substituting the buffer with sonication buffer during the
resin-batch procedure. Proteins were eluted with 250 mmM imidazole in 50
mM NaH,PO,, 20 mMm Tris-HCI, and 100 mM NaCl, pH 8.0, on a gravity
column (Bio-Rad, Hercules, CA). NiG was further purified by gel filtra-
tion on Superdex 200 HiLoad 16/60. Protein concentrations were deter-
mined with the BCA protein assay kit (Pierce) using bovine serum
albumin (BSA) as a standard.

Preparation of alkaline phosphatase and Fc chimera. Rat NiG-A20 (aa
544-725 of rat Nogo-A) and Nogo-66 (aa 10261091 of rat Nogo-A) were
cloned into pAPtag5 vector. The PCR product using 5'-GAAGCTTA-
CGTAATGGGTCGCGGATCCACAGG-3" and 5'-GTTGATTCCG-
GAAGAA AATAAGACAACTGGTTC-3' as a primer set for NiG-A20
from NiG-A20-pET28 as a template was cloned into SnaBI/BspEI of
pAPtag5, and the product using 5'-GACGAAGCTTACAGGATATA-
TAAGGGCGTG-3' and 5'- GTTGATTCCGGACTTCAGGGAATC-
AACTAAATC-3' as primer sets for Nogo-66 was cloned into HindIII/
BspET sites, respectively. Stable Chinese hamster ovary (CHO) cell lines
secreting alkaline phosphatase (AP)-tagged NiG-A20 or Nogo-66 were
derived from transient transfection of the above expression plasmids,
followed by selection with 250 pg/ml zeocin (Invitrogen). Both cell lines
were adapted to serum-free medium conditions and grown in a cell line
chamber (Integra Biosciences, Baar, Switzerland) in CHO-S-SFM II
medium (Invitrogen). Conditioned media from stably transfected cell
lines were collected, and the protein production and integrity were
confirmed by Western blot using anti-human AP antibodies. The dimer-
ization and oligomerization of the fusion proteins was assessed by
running samples in SDS-PAGE gel under reducing (sample buffer with
10% 2-mercaptoethanol) or nonreducing (sample buffer without
2-mercaptoethanol) conditions. For pull-down experiments, supernatant
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was concentrated 10-fold using Centriprep columns, and the concentra-
tions of AP fusion proteins were assessed as described previously (Flana-
gan and Leder, 1990).

For the purification of MAG-Fc, conditioned media from transient
transfected M AG-Fc-expressing human embryonic kidney 293 cells were
collected, and buffer was exchanged into Protein A Sepharose binding
buffer (20 mm NaPO,, pH 7.0). The protein was bound to Protein A
Sepharose CL-4B resin (Amersham Biosciences) and eluted with 40 mm
Na-citrate and 20 mM NaCl, pH 3.2. The protein concentrations of
MAG-Fc were estimated by comparing the intensity of Coomassie blue
stain in SDS-PAGE gel using BSA as standard.

Neurite outgrowth assays. Cerebellar granule cells from postnatal day 7
(P7) rat pups were dissociated by combined trituration and trypsinization
as described previously (Hatten, 1985). Cells were plated on four-well
tissue culture dishes (Greiner Bio-One, Longwood, FL) coated with 10
png/ml poly-L-lysine (Sigma) and recombinant NiG and Nogo-66-GST
fusion proteins. Cells were grown overnight in chemically defined Neu-
robasal medium (Invitrogen) supplemented with B27 (Invitrogen) and
0.2 mM glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin.
Where indicated, Y27632 (15 uM) was added to the cultures. For intro-
duction of C3 transferase, we used a protocol modified from Borasio et al.
(1989). Dissociated cerebellar granule cells were triturated in the pres-
ence of C3 transferase at 20 pg/ml together with 1 mg/ml 10,000 kDa
dextran-fluorescein (Molecular Probes, Eugene, OR) as an identification
marker for cells that have taken up the fusion protein. More than 90% of
the cells were labeled by this method. Granule cells were washed several
times and plated on indicated substrates. After a culture period of 16-18
hr, cells were fixed with 4% (w/v) paraformaldehyde in PBS for 30 min
and washed, and neurite length was determined.

Neurite outgrowth of cerebellar granule cells on transfected CHO cells
was done essentially as described by Tang et al. (1997). In brief, parental
and MAG-transfected CHO cells were used as monolayer underlying
dissociated neurons. Cocultures were established by adding 10* dissoci-
ated cerebellar neurons and maintained for 18 hr in defined medium. For
the visualization of neurons grown on monolayers, cells were fixed with
4% (w/v) paraformaldehyde in PBS for 15 min, permeabilized with
methanol for 10 min, rehydrated in PBS, incubated with anti-GAP-43
(growth-associated protein-43) hybridoma supernatant (clone 10ES8; di-
luted 1:10; gift of Dr. K. Meiri, Syracuse, NY) in PBS containing 3%
(w/v) BSA for 1 hr, rinsed with PBS, and incubated with FITC-
conjugated anti-mouse IgGs (diluted 1:250; Jackson ImmunoResearch,
West Grove, PA) in PBS containing 3% (w/v) BSA for 1 hr. Quantifica-
tion of neurite lengths was performed 16-18 hr after plating on cultures
monitored with a Zeiss (Oberkochen, Germany) Axiophot microscope
equipped with epifluorescence. Fluorescence pictures were acquired
with a 12-bit digital CCD camera (Visicam; Visitron, Puchheim, Ger-
many) and analyzed using MetaMorph software (Universal Imaging
Corporation, West Chester, PA). The longest neurite of at least 120
randomly selected individual neurons was measured under each experi-
mental condition for each experiment. Neurite lengths were compared
between groups using a one-way ANOVA-test.

DRG-oligodendrocyte encounter assay and confocal microscopy. The
encounter assay was essentially performed as described previously
(Bandtlow et al., 1990; Niederdst et al., 1999). Individual growth cones of
dissociated P6 DRG neurons triturated with or without C3 transferase
(protocol by Borasio et al., 1989) were viewed by time-lapse video
microscopy during their encounter with differentiated oligodendrocytes
obtained form P7 rat optic nerves. Briefly, oligodendrocytes were kept in
chemically defined medium for 3 d to allow full differentiation. At this
time point, oligodendrocytes are positive for MAG, Nogo-A, and versi-
can V2. Dissociated P6 DRG neurons were added and growth cone—
oligodendrocyte encounter was observed 6—8 hr after plating. At given
time points during growth cone-oligodendrocyte interaction, cultures
were fixed by an extraction—fixation procedure (Fritsche et al., 1999) on
the microscope stage, and the imaged area was marked at the bottom of
the dish for relocalization after immunocytochemistry. To reveal
changes in the underlying growth cone cytoskeleton, microtubules were
labeled with monoclonal antibody DMla directed against a-tubulin
(Sigma) used at a dilution of 1:400 and F-actin was labeled with
rhodamine-conjugated phalloidin (Molecular Probes). Primary antibod-
ies and phalloidin were diluted in blocking solution and applied for 45
min. Dishes were rinsed with Ca®*, Mg>" free-PBS to remove unbound
antibodies and then soaked for 15 min in soaking solution. Fluorescein-
conjugated secondary antibodies (Jackson ImmunoResearch), at 1:400
dilutions, were applied for 45 min. Immunofluorescence images were
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acquired with a Zeiss LSM 410 inverted laser scanning confocal micro-
scope, using a Zeiss plan-Apochromat 63X/1.4 numerical aperture oil
immersion lens. An Intervall HeNe laser pretuned to 543 nm was used
for visualizing F-actin, which was tagged with rhodamine, and an argon
ion laser pretuned to 488 nm was used to visualize the fluorescein-
labeled tubulin. A bandpass filter of 590-610 nm and a dichroic beam
splitter of 488/543 nm were selected to obtain the images for double-
labeling experiments. Optical sections (0.3 um) were transferred to a
Silicon Graphics (Mountain View, CA) Indigo2 Extreme for processing
(Imaris software; Bitplane AG, Zurich, Switzerland).

Racl and RhoA activity assays. Measurement of Racl and RhoA
activities was performed as described previously (Bagrodia et al., 1995;
Ren et al., 1999). Cerebellar granule cells from P7 rat pups were grown
for 20-24 hr in chemically defined Neurobasal medium (Invitrogen)
supplemented with B27 (Invitrogen) (Racl, 5 X 10° cells; RhoA, 2 X 107
cells) on a poly-L-lysine substrate (50 ug/ml). Cells were treated with
MAG-Fc (125 nm), Nogo-66-AP (120 nm), or NiG-A20-AP (123 nm) for
the indicated time periods. To induce the multimerization of the fusion
proteins for optimal receptor activation, 4.2 nMm M AG-Fc was preaggre-
gated for 30 min at room temperature with 50 ng/ml anti-human Fc
(Jackson ImmunoResearch). Nogo-66-AP (8 nM) or NiG-A20-AP (7 nm)
were preaggregated with 100 ng/ml anti-human AP (Sigma). Control
cells were incubated with preaggregated Fc or AP proteins, respectively.
After treatment, cells were lysed for 5 min with 400 ul of the respective
ice-cold cell lysis buffer. Cell extract was cleared by centrifugation (5 min
at 10,000 X g at 4°C), and 10% of the total volume was used for
assessment of total Racl or RhoA content. The remaining lysate was
diluted with appropriate binding buffer containing 6 nug of GST-CRIB
(Cdc42/Rac interactive binding protein; kindly provided by Dr. R. Ce-
rione, Cornell University, Ithaca, NY) coupled to glutathione beads for
GTP-bound Racl or 16 pg of GST-Rho-binding domain of mouse
rhotekin (GST-RBD; kindly provided by Dr. M. Schwartz, The Scripps
Research Institute, La Jolla, CA) coupled to glutathione beads for
GTP-bound RhoA. Cell lysates were incubated for 30 min (Racl) or 60
min (RhoA) at 4°C. Beads were then washed three times with binding
buffer, and bound material was eluted with 2X SDS-sample buffer. The
total cell lysate and the affinity-precipitated products were resolved by
12.5% SDS-PAGE and immunoblotted using a mouse monoclonal anti-
Racl antibody (1:1000; Transduction Laboratories, Lexington, KY) or a
mouse monoclonal anti-RhoA antibody (1:1000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Peroxidase-conjugated goat anti-mouse IgGs (Sig-
ma) were used as secondary antibodies. Immunoreactive proteins were
visualized using an enhanced chemiluminescence detection system
(ECL; Amersham Biosciences).

Densitometric analysis were performed using Scion Image software
(Scion, Frederick, MD), and the amounts of GTP-bound Racl and RhoA
were normalized to the total amounts of Racl and RhoA in cell lysates,
respectively.

Immunocytochemistry. The antibodies used for immunocytochemistry
on P7 cerebellar granule cells were 9651 [anti-p75 neurotrophin receptor
(p75N™®) (Huber and Chao, 1995) and anti-NgR (rabbit anti-NgR anti-
sera raised against the three synthetic peptides EQLDLSDNAQLRS-
VDPA, EVPCSLPOQRLAGRDLKR, and GPRRRPGCSRKNRTRS
of human NgR and affinity purified by Research Genetics (Carlsbad,
CA)]. Cells were fixed with 4% paraformaldehyde and 5% sucrose in
PBS for 30 min. Primary antibodies were diluted in blocking solution
(1:100) and applied for 60 min. Dishes were rinsed with CMF-PBS to
remove unbound antibodies, and fluorescein-conjugated anti-rabbit an-
tibodies (Jackson ImmunoResearch), at 1:400 dilutions, were applied for
45 min. Immunofluorescence images were acquired with a Zeiss micro-
scope using a 12-bit digital CCD camera (Visicam; Visitron).

RESULTS

Involvement of RhoA and ROCK in Nogo-A- and MAG-
induced neurite inhibition

We investigated the possible involvement of small GTP binding
molecules of the Rho family in Nogo-A- and MAG-induced
neurite inhibition. Purified cerebellar granule cells were grown on
substrate-bound recombinant NiG (Nogo-A-specific domain, aa
174-979), on Nogo-66-GST (aa 1026-1091), or on MAG-CHO
cells. In agreement with previous studies (Mukhopadhyay et al.,
1994; Fournier et al., 2001), we found that all three substrates
inhibit neurite outgrowth of P7 cerebellar granule cells (Fig.
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Figure 1. RhoA-dependent inhibition of neurite outgrowth of cerebellar

granule cells on Nogo and MAG substrates. Analysis of the inhibitory
properties of NiG, Nogo-66-GST, and MAG-CHO. A4, Purified cerebellar
granule cells of P7 rat pups were plated on control substrates poly-L-lysine
(PLL) (10 pg/ml), GST (10 pg/ml), or CHO control cells and on the
inhibitory substrates NiG (10 ug/ml), Nogo-66-GST (10 pg/ml), and
MAG-CHO cells in the absence or presence of C3 transferase or Y27632,
respectively. B, Neurite length of at least 120 neurons per substrate was
measured and presented as the mean neurite length. Note that inhibition
of RhoA by C3 transferase or of Rho-kinase by Y27632 restores neurite
length on all inhibitory substrates tested. *p < 0.01; one-way ANOVA.
Scale bar, 20 pwm.

14,B). Approximately 80% of the cells had neurites longer than
70 wm on control substrates, but only 10-18% of the cells put out
neurites on NiG, Nogo-66-GST, or MAG-CHO. Trituration of
granule cells with 20 pwg/ml C3 transferase to inactivate endoge-
nous RhoA activity allowed not only more cells to extend neu-
rites, but their outgrowth response was markedly improved on all
three inhibitory substrates. This effect was most evident for cells
on an MAG-CHO substrate in which neurite length was restored
to untreated control levels, whereas cells grown on NiG or Nogo-
66-GST substrates showed an improvement of 70 and 60%, re-
spectively (Fig. 14,B). Previous studies have shown that cell
rounding and neurite retraction require the involvement of the
RhoA-associated kinase ROCK (Hirose et al., 1998). To deter-
mine whether ROCK was involved in the MAG- or Nogo-A-
induced neurite growth inhibition, cerebellar granule cells were
treated with various concentrations of a ROCK-selective inhibi-
tor, Y27632 (Ishizaki et al., 2000). Application of Y27632 (15 um)
throughout the culture period completely abolished the inhibitory
effect of MAG and significantly improved neurite outgrowth
response on NiG and Nogo-66-GST substrates (Fig. 14,B) by 63
and 70%, respectively, compared with untreated control levels.
Interestingly, higher concentrations of Y27632 (up to 50 um)
could not further improve the neuronal outgrowth of cerebellar
granule cells on NiG or Nogo-66-GST substrates.

These data suggest that RhoA and its downstream effector
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protein ROCK are key regulators mediating Nogo-A- and MAG-
induced neurite outgrowth inhibition.

Opposing regulation of RhoA and Rac1 by Nogo-A

and MAG

Many growth factors require dimerization or even oligomeriza-
tion for optimal receptor binding and activation (Safran et al,,
2000). Similarly, binding as well as growth cone collapsing activity
of DRG neurons is most effective with dimers or oligomers of
MAG or Nogo inhibitory domains (Turnley and Bartlett, 1999;
Fournier et al., 2001; Oertle et al., 2001) (Oertle and Schwab,
unpublished observations). To directly assess whether Nogo-A
and MAG can regulate Rho-GTPase activities, soluble, dimeric
fusion proteins of the Nogo inhibitory domains and of the extra-
cellular domain of the MAG molecule were added to cultured
cerebellar granule cells, and the amounts of cellular active GTP-
bound RhoA and Racl were measured. As shown in Figure 24,
a detailed time course analysis of RhoA activity revealed that
equal molar concentrations of MAG-Fc (125 nm), Nogo-66-AP
(120 nm), and NiG-A20-AP (123 nm), respectively, induced a slow
and transient activation of RhoA. Although RhoA activation was
maximal at 20 min for all fusion proteins, their efficacy varied, with
Nogo-66-AP being less potent than NiG-A20-AP or MAG-Fc (Fig.
2A). In contrast to RhoA, the same concentration of fusion pro-
teins induced a slow decrease in the amount of cellular GTP-bound
Racl, reaching minimal levels at 30 min (Fig. 24).

To test whether RhoA activation can be further stimulated in
response to high-order oligomers, we used M AG-Fc or Nogo-AP
fusion proteins that had been preclustered with anti-human-Fc or
anti-human-AP antibodies. In these experiments, all preclustered
fusion proteins stimulated a very rapid and dramatic increase in
RhoA activity with different kinetic profiles (Fig. 2B). The most
prominent effect was seen with preclustered NiG-A20-AP (7 nm),
which peaked within 2-3 min after stimulation and declined
within 30 min to almost basal levels. MAG-Fc (4.2 nm) and
Nogo-66-AP (8 nm) were less efficacious, reaching maximal RhoA
activity levels at 5 min and slowly decreasing to basal levels at 30
min after stimulation. Likewise, the amount of cellular GTP-
bound Racl decreased more rapidly than with dimeric fusion
proteins, reaching minimal levels at 5-10 min (Fig. 2B), with no
apparent recovery to basal levels over a period of 60 min (data not
shown). Interestingly, besides the faster and more dramatic
change in Rho activities with oligomerized fusion proteins, less
protein was required for maximal stimulation compared with the
dimeric fusion proteins. Interestingly, higher concentrations re-
sulted in neither an additional stimulation of RhoA nor a change
in time kinetics. No changes were observed using preclustered AP
or Fc protein (Fig. 2B) or clustering antibodies (data not shown),
excluding the possibility of unspecific effects of the clustering
antibodies.

Together, these data not only demonstrate that both Nogo
domains and the extracellular domain of MAG exert opposing
effects on RhoA and Racl activities, i.e., they activate RhoA and
suppress Racl, with different efficacy, but that optimal receptor
activation seems to require high-order oligomers.

Next, we evaluated whether the improved neurite outgrowth
response of C3 transferase- or Y27632-treated neurons was the
result of abolished modulation of Rho GTPase activities by Nogo
domains and MAG. C3 transferase effectively suppressed endog-
enous RhoA activity and specifically inhibited M AG- and Nogo-
induced RhoA activation (Fig. 3). Y27632, as expected, did not
prevent MAG- and Nogo-induced RhoA activation (Fig. 3) but
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Figure 2. Effects of Nogo-66, NiG-A20, and MAG fusion proteins on
RhoA and Racl activities in postnatal cerebellar granule cells. Dissoci-
ated cerebellar granule cells of P7 rats were grown overnight in chemically
defined medium on a poly-L-lysine substrate before stimulation with the
growth inhibitory fusion proteins of Nogo-A and MAG. 4, Changes of
RhoA and Racl activities over time after the addition of equal molar
concentrations (120 nm) of dimeric NiG-A20-AP, Nogo-66-AP, or MAG-
Fc. RhoA and Racl activities are indicated by the amount of GST-RBD-
bound RhoA or GST-CRIB-bound Racl normalized to the amount of
total RhoA or Racl content in the lysates, respectively, as shown for
NiG-A20-AP (inset). Values represent RhoA or Racl activity and are
expressed as fold of the value of cells at time 0 min. Results are means =
SE from three experiments. Time course of RhoA (B) and Racl (C)
activities after stimulation with preclustered fusion proteins. Note that
less protein is required for maximal stimulation: 7 nm NiG-A20-AP; 8 nm
Nogo-66-AP; 4.2 nMm MAG-Fc. No change is seen with preclustered Fc or
AP fusion proteins.

alleviated the inhibitory outgrowth effects of Nogo fragments and
MAG (Fig. 14,B). These data suggest that the Y27632 target
ROCK acts downstream of RhoA and has no effect in regulating
endogenous RhoA activity.

Effect of C3 transferase on DRG neurons encountering
differentiated oligodendrocytes

To assess whether inhibition of endogenous RhoA activity by C3
transferase has not only a protective effect in Nogo- and MAG-
induced neurite outgrowth inhibition but also prevents
oligodendrocyte-induced growth cone collapse, we monitored
interactions of untreated or C3 triturated DRG neurites with
oligodendrocytes by time-lapse video microscopy. As shown pre-
viously (Bandtlow et al., 1990; Niederost et al., 1999), growth
cone collapse and retraction in untreated cultures was seen in
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Figure 3. C3 transferase but not Y27632 blocks activation of RhoA.
Measurement of RhoA and Racl activity of granule cells pretreated with
C3 transferase and Y27632, respectively, for 1 hr, before stimulation with
the preclustered, chimeric fusion proteins for 10 min.

~80% of all encounters (Fig. 44-D). However, when neurites of
C3 triturated DRG cells encountered oligodendrocytes, no
contact-mediated growth cone collapse was observed. Instead,
growth cones grew over the oligodendrocyte processes without
any obvious sign of growth arrest or retraction (Fig. 4E-H). To
visualize changes in the organization of actin filaments and mi-
crotubules that occur as growth cones collapse, advancing growth
cones were monitored by time-lapse video microscopy during
their encounter with oligodendrocytes. Cultures were fixed at
given time points after contact for immunocytochemical double
labeling with rhodamine—phalloidin and anti-tubulin antibodies.
In normal advancing growth cones on a laminin substrate, F-actin
staining was confined to filopodia and the leading cortical edge of
the growth cones with distinct radial striations as shown in Figure
4 A. Microtubules were found to be tightly bundled and localized
in the proximal region of the growth cone. They were often
observed in the C-domain of the growth cone as a splayed out
structure (Fig. 44). Contact inhibition of advancing growth
cones, however, led to a rapid relocalization of F-actin and to a
microtubule reorganization. Ten to 20 min after firm filopodial
contact had been established, F-actin was seen as patches in the
central domain of the growth cone (Fig. 4B,C). With the excep-
tion of polarized actin fibers confined to filopodia in contact,
radial striations had disappeared. Furthermore, microtubules
were no longer bundled but seen as defasciculated structures at
the neurite shaft (Fig. 4C). Longer time periods of contact in-
duced a significant change of growth cone shape, characterized by
a complete loss of filopodia and a dramatic reduction of growth
cone area (Fig. 4D). Complete collapse was distinguished as a
club-shaped structure with a thin F-actin-containing tip that was
often found in contact with oligodendrocytes or slightly retracted
from the original contact site (Fig. 4D). Interestingly, microtu-
bules displayed a complete reorganization, reflected as a loop-like
structure within the club-shaped growth cone (Fig. 4D). When
neurons were treated with C3 transferase, differences were de-
tected in the staining pattern of rhodamine—phalloidin. F-actin
was not distributed following specific patterns (e.g., radial stria-
tions) but rather had a diffuse appearance filling the entire
growth cone, including its central region in which it appeared in
patches (Fig. 4E). Although the overall organization of microtu-
bules of C3 transferase-treated cells was not significantly changed
compared with control cells, they seemed to be more bundled in
the central domain of the growth cone (Fig. 4E). No apparent
cytoskeletal reorganization of F-actin or microtubules was detect-
able in C3 transferase-treated growth cones that had advanced
onto oligodendrocytes, often found in direct contact with oligo-
dendrocyte processes (Fig. 4 F-H). Together, these results show
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that inactivation of endogenous RhoA activity by C3 transferase
exerts a stabilizing effect on the growth cone cytoskeleton, allow-
ing them to grow on oligodendrocytes.

Involvement of NgR in Nogo-66-dependent, but not in
NiG- or MAG-dependent, effects

We next investigated whether NgR, a glycan phosphatidyl inositol
(GPI)-linked molecule that has been identified recently as a
specific receptor for Nogo-66 (Fournier et al., 2001), is involved in
mediating the effect of Nogo-66-AP on RhoA activity. Cerebellar
granule cells express NgR as revealed by RT-PCR (data not
shown) (Fournier et al., 2001). Neurons were therefore incubated
with phosphatidyl inositol-phospholipase C (PI-PLC) (0.2 U/ml)
for 8 hr at 37°C to remove GPI-anchored molecules from the cell
surface, before Nogo-66-AP was added. As analyzed by immu-
nofluorescence, the enzymatic treatment entirely removed cell
surface labeling for NgR on granule cells but did not prevent the
labeling for p75™ TR, suggesting that the enzymatic treatment had
no effect on integral plasma membrane proteins (Fig. 54).
Whereas PI-PLC-treated cells were no longer inhibited on a
GST-Nogo-66 substrate, neurite outgrowth of the same cells was
still strongly impaired on NiG and MAG-CHO cells (Fig. 5B). In
addition, RhoA activity pull-down assays revealed that Nogo-66-
AP-induced RhoA activation was prevented after PI-PLC treat-
ment, but the increase of GTP-bound RhoA by preclustered
NiG-A20-AP or MAG-Fc fusion proteins was not significantly
changed (Fig. 5C). These results not only indicate that NgR is
necessary to mediate the responses to Nogo-66 but that NiG as
well as MAG are likely to act on different cell surface binding
proteins or receptors to induce RhoA activation.

DISCUSSION

We studied the involvement of small GTPases of the Rho family
in mediating the responses of the Nogo-A-specific domain NiG,
Nogo-66, and MAG. Both RhoA and Racl were found to be
regulated in an antagonistic manner by all three neurite growth-
inhibitory components. Inhibition of the RhoA-ROCK pathway
greatly improved neurite outgrowth response of cerebellar gran-
ule cells. C3 transferase treatment abolished RhoA activation and
rendered growth cones of dorsal root ganglion cells less respon-
sive to oligodendrocyte contact-induced collapse. Furthermore,
neuronal NgR, known to bind Nogo-66 and MAG, is necessary
for Nogo-66-induced RhoA activation but not for mediating
effects of MAG or NiG. Altogether, this study provides compel-
ling evidence for a key role of Rho GTPases in the cytosolic
mechanisms induced by Nogo-A and MAG.

Rho family members as mediators of neurite inhibition

Previous observations implied the requirement of the RhoA-
ROCK pathway for neurite extension on myelin inhibitory test
substrates (Lehmann et al., 1999; Vastrik et al., 1999; Vinson et
al., 2001); however, they did not address whether components of
CNS myelin, such as Nogo-A and MAG, can instructively regu-
late the activities of Rho GTPases. Here we demonstrate that, in
cultured P7 cerebellar granule cells, the effect of Nogo-A and
MAG are mediated by common pathways, resulting in the acti-
vation of RhoA and concomitant inactivation of Racl. Inhibition
of RhoA and of its downstream-effector protein Rho-kinase
ROCK almost completely abolishes MAG activity but alleviates
inhibition by Nogo-66 or NiG only partly by 60 -70%. Our own
data suggest that Nogo-A may induce additional pathways to exert
its full activity. First, no significant RhoA activation could be
measured in C3 transferase-loaded cells (Fig. 3), implying that
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Figure 4. Confocal images showing the
change in organization of actin fila-
ments and microtubules in growth cones
on encounter of oligodendrocytes. Dis-
sociated rat DRG neurons were tritu-
rated with either buffer or C3 trans-
ferase (30 pg/ml) and cocultured with
differentiated oligodendrocytes. En-
counter of growth cones were moni-
tored with time-lapse video microscopy
for indicated time periods, and cultures
were fixed for immunostaining with an-
tibodies against actin filaments (red)
and a-tubulin (green) as described in
Materials and Methods. A-D, Buffer
triturated growth cones before contact
(A4), 10 and 15 min after first filopodial
contact (B, C), and after 60 min in con-
tact with oligodendrocyte processes
(D). E-H, C3 transferase triturated
growth cones before contact (E), 10-20
min (F, G), and 50 min (H) after initial
contact. Note that, under control situa-
tions (A-D), oligodendrocyte contact
leads to a rapid arrest (B) and subse-
quent collapse of the growth cone struc-
ture (C, D), accompanied by a loss of

50 min

F-actin and a loop formation of microtubules (arrows). C3 transferase triturated cells (E-H) advance over the oligodendrocyte processes without

apparent signs of arrest or collapse. Scale bars, 5 um

the concentration used to inhibit RhoA was sufficient. Second,
considerably higher concentrations of the ROCK inhibitor
Y27632 (up to 50 um; ECs, for most neuronal cells is 10 um) did
not further improve the neurite outgrowth response of cerebellar
granule cells on Nogo-66-GST and NiG substrates.

Soluble recombinant Nogo-66 or eukaryotically expressed
Nogo-A-Fc and MAG-Fc at concentrations of ~100 nM potently
inhibit neurite growth of cerebellar granule cells (DeBellard et
al., 1996; Tang et al., 1997; GrandPré et al., 2000; Prinjha et al.,
2000; Fournier et al., 2001). The same concentrations actively
modulate Rho activities (Fig. 2), with slight differences in their
efficacy and kinetic profiles. Antibody-mediated oligomerization
of the inhibitory fusion proteins induce a more rapid and dra-
matic modulation of Rho activities than dimeric proteins. Be-
cause in our hands preclustering also results in improved ligand
binding properties and growth cone-collapsing activities (Oertle
and Schwab, unpublished observations), we conclude that optimal
receptor activation seems to be facilitated by high-order oli-
gomers of both MAG and Nogo-A.

MAG and Nogo-A induce antagonistic effects of

Rho GTPases

Mutually antagonistic effects of RhoA and Rac/Cdc42 have been
observed for other axonal guidance cues. EphrinAS5, a repulsive
guidance molecule important for establishing the anteroposterior
retinotectal topographic map, was shown to activate RhoA and
inhibit Racl (Wahl et al., 2000). Furthermore, exposure of retinal
ganglion cells or cortical neurons to ephrin Al stimulated activa-
tion of Eph4 receptor, which associates with ephexin, a novel Rho
GTPase GEF (guanine exchange factor). Subsequently, ephexin
looses its ability to activate Racl and Cdc42, becoming a specific
RhoA GEF and, in this way, is mediating growth cone collapse
(Shamah et al., 2001). Sema3A, a member of the semaphorin
family of guidance molecules, also signals through the Rho
GTPases and requires the functions of both Rac and RhoA (Jin
and Strittmatter, 1997; Driessens et al., 2001; Liu and Strittmat-
ter, 2001). In contrast, Netrin, when acting as a chemoattractant,

was shown to induce Racl and to reduce RhoA activities (Li et
al., 2002). Together with these and other studies, our data support
a current, although rather simplified, model that suggests that
attractive guidance cues inhibit RhoA but activate Racl or Cdc42
to promote directed axonal growth, whereas repulsive cues inhibit
Racl and/or Cdc42 and stimulate RhoA to induce neurite retrac-
tion (Dickson, 2001).

Cross-talk between Rho GTPases

Cross-talk between RhoA and Rac—Cdc42 pathways may occur
at several levels. Active RhoA is known to signal to its effector
protein ROCK, which phosphorylates myosin light chain (MLC)
phosphatase (Kimura et al., 1996), as well as MLC itself (Amano
et al., 1996). This increase in MLC phosphorylation consequently
increases actomyosin-based contractility. Active Rac, on the other
hand, signals to its effector protein PAKI, a serine—threonine
kinase (Manser et al., 1995) that inhibits MLC kinase, resulting in
decreased phosphorylation of myosin light chain and hence de-
creased actomyosin contractility (Sanders et al., 1999). Thus,
RhoA and Rac have antagonistic effects on myosin contractility.
This is consistent with the opposing modulation of both pathways
that underlie Nogo-A- and M AG-induced effects.

The downregulation of Racl activity may also affect the Rac
effector PI4PSK (phosphatidylinositol-4-phosphate 5-kinase),
which generates phosphatidylinositol-4,5-bisphosphate (PIP2)
(Tolias et al., 1995, 1998; Carpenter et al., 1999). PIP2 has been
shown to bind to the N-WASP (neural Wiskott Aldrich syndrome
protein) control region to stimulate actin assembly (Rohatgi et al.,
2000). PIP2 also promotes the extension of existing filaments by
inhibiting barbed end capping proteins (Janmey and Stossel,
1987). These pathways are likely to be critical for the forward
extension of growth cones, as suggested by the recent finding that
a dominant-negative form of N-WASP inhibits neurite extension
in primary hippocampal neurons (Banzai et al., 2000). Thus,
Nogo-A- and M AG-induced inactivation of Rac may lead to a
subsequent decrease in active N-WASP and in PIP2 production
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Figure 5. NgR is only required for Nogo-66-mediated, but not for M AG-
or NiG-mediated, effects. 4, Immunocytochemical detection of NgR on
purified cerebellar granule cells of P7 rat pups 18 hr after plating on a
poly-L-lysine substrate before and after PI-PLC treatment. Note that NgR
but not p75N™ immunolabeling is abolished by PI-PLC treatment. B,
Removal of NgR by PI-PLC abolishes neurite inhibition on GST-Nogo-66
but not on NiG or MAG; C, PI-PLC prevents induction of RhoA activa-
tion by Nogo-66-AP but not by NiG-A20-AP or MAG-Fc. Scale bar, 20
um. PLL/LN, Poly-L-lysine/laminin.

and arrest growth cone motility by shutting down the local supply
of monomeric actin.

Cytoskeletal changes in contact-mediated growth
cone collapse

Recent studies have demonstrated that LIM kinase is not only a
target of ROCK (Maekawa et al., 1999) but also of PAK1 (Yang
et al., 1998; Maekawa et al., 1999). LIM kinase phosphorylates
and thereby inactivates the actin-depolymerizing protein cofilin
(Arber et al., 1998; Yang et al, 1998). Such a LIM kinase-
dependent phosphorylation of cofilin has been shown to be re-
quired in Sema3A-induced growth cone collapse of DRG neu-
rons (Aizawa et al., 2001). Because cofilin is important for
turnover of actin filaments (Moon and Drubin, 1995; Carlier et
al,, 1997), its inactivation may initially stabilize existing actin
filaments. However, because cofilin phosphorylation was seen
only transiently, growth cone collapse may occur because of the
presence of a phosphatase that counteracts the actions of LIM
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kinase and restores the actin-depolymerizing effects of cofilin in
a continuous manner (Meberg et al., 1998; Aizawa et al., 2001;
Niwa et al., 2002). A similar mechanism may account for the
contact-mediated growth cone collapse in oligodendrocyte en-
counters described in the present study. Filopodial contacts must
activate distinct biochemical pathways at the filopodial tip, which
differentially modulate the molecular machinery within the
growth cone. Although the precise mechanism(s) involved in the
spatial and temporal regulation of actin filament polymerization—
depolymerization during contact-mediated growth cone collapse
is not known, altering the coordinated assembly and disassembly
of actin filaments via Rho GTPases could contribute to collapse.
Thus, Nogo-A- and M AG-mediated filopodial contact may lead
to the activation and recruitment of RhoA and ROCK, which may
initially facilitate filopodial stabilization by localized cofilin phos-
phorylation via LIM kinase. The subsequent activation of a
phosphatase to maintain cofilin actin-depolymerizing activity,
together with the ROCK-induced contractility of the cortical
actin—myosin system, would explain the subsequent complete
collapse of the growth cone structure.

Role of NgR in mediating Nogo-A and MAG effects
Recently, NgR, the GPI-linked receptor for Nogo-66 (Fournier et
al., 2001), has been identified to act as a binding molecule for
other inhibitory molecules, such as MAG (Domeniconi et al.,
2002; Liu et al., 2002) and oligodendrocyte-myelin glycoprotein
(Wang et al., 2002). Our own studies suggest that NgR is neces-
sary for Nogo-66-induced RhoA activation, although they do not
resolve the question whether NgR is the sole receptor for
Nogo-66 or whether it acts in conjunction with other molecules to
form a receptor complex leading to RhoA activation. Our data,
however, do not support the recent finding that NgR is required
for MAG-mediated neurite inhibition (Domeniconi et al., 2002;
Liu et al.,, 2002). In our hands, neither NgR nor other GPI-linked
proteins seem to be necessary for cerebellar granule cells to be
inhibited on MAG-CHO or NiG substrates, nor are GPI-linked
proteins required for the regulation of Rho GTPases by M AG-Fc
or NiG-A20-AP. Our data do not exclude that NgR can bind
MAG (Domeniconi et al., 2002; Liu et al., 2002), but they suggest
that MAG as well as NiG can act on other neuronal binding
molecules or receptors to impart their effects. These data are in
line with the recent finding that NiG can inhibit neurite out-
growth of cells that lack NgR expression (Oertle and Schwab,
unpublished observations), but the identity of the receptor spe-
cific for NiG remains still unknown. A likely candidate for a
different functional MAG receptor is the low-affinity p75N ™R,
Recent results show that MAG cannot only bind to p75™ T® but
that p75™ "® is required to act as a functional receptor to convey
MAG-induced RhoA activation (Yamashita et al., 2002). Be-
cause cerebellar granule cells express high levels of p75™ ™R
(Yamashita et al., 2002; this study), it is possible that p75~™® on
its own is sufficient to mediate M AG-induced RhoA activation in
the absence of NgR.

Together, our studies demonstrate that Rho GTPases are key
signaling molecules mediating Nogo-A- and MAG-induced
growth inhibition. Although much is yet to be learned about the
temporal and spatial relationships between GTPase activities and
the subsequent changes in cytoskeletal organization, our studies
will help to elucidate the molecular mechanisms involved in
preventing axonal growth in the CNS.
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