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During the development of the nervous system, outgrowing axons often have to travel long distances
to reach their target neurons. In this process, outgrowing neurites tipped with motile growth cones
rely on guidance cues present in their local environment. These cues are detected by specific
receptors expressed on growth cones and neurites and influence the trajectory of the growing fibres.
Neurite growth, guidance, target innervation and synapse formation and maturation are the
processes that occur predominantly but not exclusively during embryonic or early post-natal
development in vertebrates. As a result, a functional neural network is established, which is usually
remarkably stable. However, the stability of the neural network in higher vertebrates comes at an
expensive price, i.e. the loss of any significant ability to regenerate injured or damaged neuronal
connections in their central nervous system (CNS). Most importantly, neurite growth inhibitors
prevent any regenerative growth of injured nerve fibres. Some of these inhibitors are associated with
CNS myelin, others are found at the lesion site and in the scar tissue. Traumatic injuries in brain and
spinal cord of mammals induce upregulation of embryonic inhibitory or repulsive guidance cues and
their receptors on the neurites. An example for embryonic repulsive directional cues re-expressed at
lesion sites in both the rat and human CNS is provided with repulsive guidance molecules, a new
family of directional guidance cues.
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1. DISCOVERY OF REPULSIVE GUIDANCE
MOLECULE
Much has been learnt during the past two decades about

the process of guidance of neurites to their correct targets

in the central nervous system (CNS). In this process,

outgrowing neurites, with their motile growth cones

(figure 1), rely on attractive and repulsive or inhibitory

cues in their local environment, which tell them where to

go. An artificial distinction is made in purely neurite

growth-inhibitory molecules, predominantly active

during adulthood, like the myelin-associated proteins:

Nogo-A, myelin-associated glycoprotein (MAG), oligo-

dendrocyte myelin glycoprotein (OMGp) and chondroi-

tin sulphate proteoglycans (CSPGs), and the repulsive

guidance cues acting during embryonic development.

Several families of guidance molecules have been

identified, with important roles during the process of

wiring up the central and peripheral nervous system

(PNS). The largest group of these guidance molecules is

the semaphorins; this contains at least 20 different

members which bind to neuropilin and plexin receptors

(Tessier-Lavigne & Goodman 1996; Mueller 1999;
tribution of 13 to a Theme Issue ‘The regenerating brain’.
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Kruger et al. 2005). Another group of guidance

molecules are the ephrins and their receptors, the Eph

receptor tyrosine kinases. Chemotropic guidance cues

like the netrins bind to receptors of the deleted in

colorectal cancer (DCC) family and to UNC-5 receptors

(UNC from uncoordinated, a phenotype observed in

certain Caenorhabditis elegans mutants). Slits bind to

Roundabout (Robo) receptors and the latest addition of

directional guidance molecules, the RGMs (repulsive

guidance molecules) have recently been shown to bind to

neogenin, a receptor that binds to netrin also.

In this review, we will concentrate on the RGMs and

will summarize numerous functions of RGMs exerted

during development by extending these to the situation

in adult animals and humans.

RGM, the first candidate of a topographic guidance

cue, was originally described in 1990 as a glycosylpho-

sphatidylinositol-anchored (GPI-anchor) glycoprotein

with a molecular weight of 33/35 kDa having repulsive

and growth cone collapse-inducing activities in the

chick retinotectal system (Stahl et al. 1990). The

projection of retinal ganglion cell (RGC) axons to

their target organ, the optic tectum, is a suitable system

to analyse axon guidance in the CNS, because retinal

axons form a topographic projection in the tectum,

maintaining neighbourhood relationships in the retina
This journal is q 2006 The Royal Society



Figure 1. A retinal growth cone growing on a laminin
substratum. Axon and growth cones are stained by the
F-actin marker Alexa-phalloidin. Filopodia, lamellipodia and
axonal protrusions (microspikes) are clearly visible.
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and the tectal target organ. In the chick embryo, nearly
2 million fibres from each eye grow towards the tectum,
invade it and form synapses with their tectal target
neurons. This so-called retinotectal projection is
organized in the following way: retinal axons from the
temporal side project to the anterior tectum, those from
the nasal side project to the posterior tectum and in the
dorsoventral axis, dorsal retinal axons terminate in
ventral tectum and ventral retinal axons in dorsal
tectum.

The question of how these topographic projections
are formed remained an enigma for more than 60 years.
A crucial step forward was the formulation of a
testable model, the chemoaffinity hypothesis by Roger
W. Sperry. Sperry’s model, later modified by Gierer &
Bonhoeffer, suggested that gradients of position-
dependent directional cues on the surface of the optic
tectum are read by ingrowing retinal axons (Sperry
1963; Gierer 1981; Bonhoeffer & Gierer 1984).
However, the nature of these graded directional cues
remained elusive and the development of in vitro assays,
called stripe and collapse assay, proved to be suitable
tools on the path to identify the graded tectal guidance
cues (Walter et al. 1987a; Cox et al. 1990). In the stripe
assay, membranes from anterior and posterior tectum
are arranged as alternating parallel stripes. Offered as a
growth substrate to outgrowing retinal axons from the
temporal or the nasal retina, temporal axons prefer to
grow on anterior tectal lanes, whereas the nasal axons
grow equally well on both anterior and posterior stripes.
The preference of temporal axons for the anterior tectal
membranes, in line with their in vivo specificity, was
caused by temporal-specific repellent or inhibitory cues
present at higher amounts in posterior than in anterior
tectal membranes (Walter et al. 1987b). The temporal-
specific inhibitory activity of posterior tectal membranes
was also evident in the collapse assay with posterior
tectal membrane vesicles inducing collapse of temporal
growth cones, but not of nasal growth cones (Cox et al.
1990). The repulsive cues could be removed by pre-
treating posterior membranes with the bacterial enzyme
phosphatidylinositol-specific phospholipase C (PI-
PLC), proving that the temporal-specific repellent or
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inhibitory cues are linked to the membrane via a GPI-
anchor (Walter et al. 1990). In a biochemical analysis,
the first candidate was identified as a 33 kDa GPI-
anchored glycoprotein, and a vesicle fraction highly
enriched with this protein was very active in both stripe
and collapse assays (Stahl et al. 1990). A monoclonal
IgM antibody (F3D4), raised against the GPI-anchored
33 kDa protein, revealed that this protein is expressed in
a gradient within the optic tectum at higher levels in
posterior than in the anterior tectum and yielded first
functional albeit indirect data that this protein is
involved in repulsive guidance of temporal retinal
axons in vitro (Muller et al. 1996). The 33 kDa protein
was named RGM based on these results.

The functional activity of the 33 kDa enriched
vesicle fraction, the indirect functional activity of the
monoclonal antibody and the graded expression in
the chick tectum stimulated the search for identifying
the gene coding for RGM (Mueller 1997). After many
unsuccessful biochemical endeavours, a proteomic
approach was finally successful and the RGM gene
was identified (Monnier et al. 2002).
2. MOLECULAR BIOLOGY OF REPULSIVE
GUIDANCE MOLECULES AND NEOGENIN
Analysis of the chick RGM gene (chRGM) revealed,
despite its similarities in function and expression with
the ephrins, that RGM does not share any sequence
motif with the ephrins. This suggests that the function
of RGM in retinotectal map formation is different from
the function of the ephrins. Recombinant chRGM,
having a molecular weight of 33 kDa, was active in the
relevant in vitro stripe and collapse assays, in either a
membrane-anchored or a soluble form (figure 2a,b). As
expected, the localization of the chRGM mRNA
showed the graded expression pattern in the chick
tectum with higher expression levels in posterior than
in anterior tectum, thereby proving that the correct
gene was identified (Monnier et al. 2002).

Chick RGM is a GPI-anchored, proline- and
cysteine-rich glycoprotein, consisting of 432 amino
acids. Surprisingly, the reported 33 kDa of RGM
turned out to be much smaller than the calculated
molecular weight of the protein (49 kDa). Peptide
sequencing of the N-terminus of the active chick RGM
protein, however, revealed that chick RGM starts with
a conserved motif (Pro-His-Leu-Arg-Thr) and the first
149 amino acids are cleaved off by an unknown
protease (Monnier et al. 2002).

Orthologues of chRGM are described in vertebrates,
e.g. in human (with 82% amino acid identity), mouse
(82% amino acid identity), clawed frogs (Xenopus laevis
with 80% amino acid identity) and zebrafish (Danio
rerio with 69% amino acid identity) as well as in
invertebrates, e.g. in C. elegans (33% amino acid
identity). A comparison of the human, rat and chick
sequences is shown in figure 3a.

At least three homologues of RGM, RGM A, RGM
B (DRAGON) and RGM C (hemojuvelin HJV, HFE2)
are found in vertebrates (table 1). Human RGM A
shares 50% amino acid identity with hRGM B and
nearly 47% identity with hRGM C (figure 3b). RGM A
is the most closely related RGM orthologue of



Figure 2. Recombinant repulsive guidance molecule (RGM) is active in both stripe and collapse assays. (a) RGM-transfected
membranes (left) but not control-transfected membranes (right) are repulsive for temporal retinal axons. (b) Supernatants from
RGM-transfected cells (left) but not from mock-transfected cells (right) induce collapse of temporal retinal growth cones. RGM
concentration used was 10 ng mlK1.
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chRGM (sharing 80% amino acid identity). The
hRGM A gene is localized on chromosome 15q26.1
and encodes a 450 amino acid protein with a predicted
molecular mass of 49 kDa. Two alternative splice forms
are described, differing in a short N-terminal amino
acid stretch of 16 amino acids. The human RGM B
gene is localized on chromosome 5q21.1. It encodes a
478 amino acid protein with a molecular weight of
50–55 kDa and truncated versions with molecular
weights of 35–40 kDa (Samad et al. 2004). The
human RGM C gene is localized on chromosome
1q21.1. Several alternatively spliced variants, e.g. three
different forms in human, are described and the longest
mRNA isoform encodes a 426 amino acid protein of
approximately 49 kDa. RGM C is detectable as a cell-
associated, GPI-anchored protein and as a soluble
protein in human plasma and serum (Lin et al. 2005).

None of the RGMs shows significant homology to
any other protein in the database. Common features of
the RGMs are a N-terminal signal peptide, an RGD
(Arg-Gly-Asp) site, a tri-peptide sequence which has
been proposed to play a role in integrin-mediated cell
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adhesion, a partial von Willebrand factor type D
domain (vWF-typeD; including a highly conserved
proteolytic cleavage site), a hydrophobic domain of yet
unknown function and the C-terminal end necessary
for attaching the protein to the cell membrane via a
GPI-anchor (figure 4; Monnier et al. 2002). The
sequence score for the addition of the GPI-anchor
differs among the RGM family members, raising the
possibility that not all members are processed with the
same efficiency. In agreement, RGM A and RGM C are
efficiently secreted, whereas mouse RGM B was
described to be more abundantly localized in the
endoplasmic reticulum-/golgi-compartment of RGM
B-transfected COS cells (a cell line from African green
monkey kidney) (Niederkofler et al. 2004). Another
group reported on cell surface localization of RGM B/
DRAGON (Samad et al. 2004). Based on the data
obtained with chick RGM, it was assumed that RGM A
requires specific proteolytic processing for its repulsive
and neurite growth-inhibiting activity. The high
conservation of the amino acid sequence at the
chRGM cleavage site at residue 149 (corresponds to



(b)(a)

Human    MQPPRERLVVTGRAGWMGMGRGAGRSALGFWPTLAFLLCSFPAATSPCKILKCNSEFWSA 60
Rat      ------------------MGRGAGRSALGLWPTLAFLLCSFPAAISPCKILKCNSEFWSA 42 
Chicken     ------------------MGRGAGSTALGLFQILPVFLCIFPPVTSPCKILKCNSEFWAA 42 

****** :***::  *..:** **.. *************:* 

Human    TS-GSHAPASDDTPEFCAALRSYALCTRRTARTCRGDLAYHSAVHGIEDLMSQHNCSKDG 119 
Rat      TSSGSHAPASDDVPEFCAALRTYALCTRRTARTCRGDLAYHSAVHGIEDLMSQHNCSKDG 102 
Chicken     TS-GSHHLGAEETPEFCTALRAYAHCTRRTARTCRGDLAYHSAVHGIDDLMVQHNCSKDG 101 

   ** ***  .:::.****:***:** **********************:*** ******** 

Human    PTSQPRLRTLPPAGDSQERSDSPEICHYEKSFHKHSATPNYTHCGLFGDPHLRTFTDRFQ 179 
Rat      PTSQPRVRTLPPAGDSQERSDSPEICHYEKSFHKHSAAPNYTHCGLFGDPHLRTFTDHFQ 162 
Chicken     PTSQPRLRTLPP-GDSQERSDSPEICHYEKSFHKHSAAPNYTHCGLFGDPHLRTFTDTFQ 160 

   ******:***** ************************:******************* ** 

Human    TCKVQGAWPLIDNNYLNVQATNTPVLPGSAATATSKLTIIFKNFQECVDQKVYQAEMDEL 239 
Rat      TCKVQGAWPLIDNNYLNVQVTNTPVLPGSAATATSKLTIIFKNFQECVDQKVYQAEMDEL 222 
Chicken     TCKVQGAWPLIDNNYLNVQVTNTPVLPGSSATATSKLTIIFKSFQECVEQKVYQAEMDEL 220 

   *******************.*********:************.*****:*********** 

Human    PAAFVDGSKNGGDKHGANSLKITEKVSGQHVEIQAKYIGTTIVVRQVGRYLTFAVRMPEE 299 
Rat      PSAFADGSKNGGDKHGANSLKITEKVSGQHVEIQAKYIGTTIVVRQVGRYLTFAVRMPEE 282 
Chicken     PAAFADGSKNGGDKHGANSLKITEKVSGQHIEIQAKYIGTTIVVRQVGRYLTFAVRMPEE 280 

   *:**.*************************:***************************** 

Human    VVNAVEDWDSQGLYLCLRGCPLNQQIDFQAFHTNAEGTGARRLAAASPAPTAPETFPYET 359 
Rat      VVNAVEDRDSQGLYLCLRGCPLNQQIDFQAFRANAE--SPRRPAAASPSPVVPETFPYET 340 
Chicken     VVNAVEDRDSQGLYLCLRGCPLNQQIDFQTFRLAQAAEGRARRKGPS-LPAPPEAFTYES 339 

   ******* *********************:*:   .  *  ..*  *. **:*.**: 

Human    AVAKCKEKLPVEDLYYQACVFDLLTTGDVNFTLAAYYALEDVKMLHSNKDKLHLYERTRD 419 
Rat      AVAKCKEKLPVEDLYYQACVFDLLTTGDVNFTLAAYYALEDGKMLHSNKDKLHLFERTRE 400 
Chicken     ATAKCREKLPVEDLYFQSCVFDLLTTGDVNFMLAAYYAFEDVKMLHSNKDKLHLYERTRA 399 

   *.***:*********:*:************* ******:** ************:****  

Human    LPG-RAAAGLPLAPRPLLGALVPLLALLPVF---- 449 
Rat      LPGAVAAAAFPLAP-EMLPGTVTLLVLLPLFW--- 431 
Chicken     LAP--GNAAPSEHPWALPALWVALLSLSQCWLGLL 432 

   *.  . *. .  *  :    *.** *   :  

hRGM A      -MQPPRERLVVTG----------------------RAGWMGMGRGAG------------- 24
hRGM B      MIRKKRKRSAPPGPCRSHGPRPATAPAPPPSPEPTRPAWTGMGLRAAPSSAAAAAAEVEQ 60
hRGM C      -MGEPGQSPSPRS---------------------------SHGS---------------- 16

:    :     .      . *    

hRGM A      RSALGFWPT----LAFLLCSFPAATS-------PCKILKCNSEFWSATSGSHAPASD--- 70
hRGM B      RRRPGLCPPPLELLLLLLFSLGLLHAGDCQQPAQCRIQKCTTDFVSLTSHLNSAVDG--- 117 
hRGM C      -------PPTLSTLTLLLLLCGHAHS-------QCKILRCNAEYVSSTLSLRGGGSSGAL 62

 *.    * :**       :   *:* :*.::: * *   ..  .. 

hRGM A      ------------DTPEFCAALRSYALCTRRTARTCRGDLAYHSAVHGIEDLMSQHNCSKD 118 
hRGM B      ------------FDSEFCKALRAYAGCTQRTSKACRGNLVYHSAVLGISDLMSQRNCSKD 165 
hRGM C      RGGGGGGRGGGVGSGGLCRALRSYALCTRRTARTCRGDLAFHSAVHGIEDLMIQHNCSRQ 122 

:* ***:** **:**:::***:*.:**** **.*** *:***:: 

hRGM A      GPTSQPRLRTLPPAGDSQERSDSPEICHYEKSFHKHSATPNYTHCGLFGDPHLRTFTDRF 178 
hRGM B      GPTSSTNPEVTHDPCNYHSHAGAREHRRGDQ------NPPSYLFCGLFGDPHLRTFKDNF 219 
hRGM C      GPTAPPPPRGPALPGAGSGLPAPDPCDYEGRFSRLHGRPPGFLHCASFGDPHVRSFHHHF 182 

    ***: .  .    .      . .       :  .*.: .*. *****:*:* ..* 

hRGM A      QTCKVQGAWPLIDNNYLNVQATNTPVLPGSAATATSKLTIIFKNFQECVDQKVYQAEMDE 238 
hRGM B      QTCKVEGAWPLIDNNYLSVQVTNVPVVPGSSATATNKITIIFKAHHECTDQKVYQAVTDD 279 
hRGM C      HTCRVQGAWPLLDNDFLFVQATSSPMALGANATATRKLTIIFKNMQECIDQKVYQAEVDN 242 

    :**:*:*****:**::* **.*. *:  *: **** *:*****  :** *******  *: 

hRGM A      LPAAFVDGSKNGGDKHGANSLKITEKVSGQHVEIQAKYIGTTIVVRQVGRYLTFAVRMPE 298 
hRGM B      LPAAFVDGTTSGGDSD-AKSLRIVERESGHYVEMHARYIGTTVFVRQVGRYLTLAIRMPE 338 
hRGM C      LPVAFEDGSINGGDRPGGSSLSIQTANPGNHVEIQAAYIGTTIIIRQTAGQLSFSIKVAE 302 

    **.** **: .***   ..** *    .*::**::* *****:.:**..  *::::::.* 

hRGM A      EVVNAVEDWDSQGLYLCLRGCPLNQQIDFQAFHTNAEGTGARRLAAASPAPTAPETFP-- 356 
hRGM B      DLAMSYE--ESQDLQLCVNGCPLSERID------DGQGQVSAILGHSLPRTSLVQAWPGY 390 
hRGM C      DVAMAFS--AEQDLQLCVGGCPPSQRLS---------RSERNRRGAIT------------ 339 

 ::. : .   .*.* **: *** .:::.      .

hRGM A       -YETAVAKCKEKLPVEDLYYQACVFDLLTTGDVNFTLAAYYALEDVKMLHSNKDKLHLYE 415 
hRGM B      TLETANTQCHEKMPVKDIYFQSCVFDLLTTGDANFTAAAHSALEDVEALHPRKERWHIFP 450 
hRGM C      -IDTARRLCKEGLPVEDAYFHSCVFDVLISGDPNFTVAAQAALEDARAFLPDLEKLHLFP 398 

 :**   *:* :**:* *:::****:* :** *** **  ****.. : .  :: *::  

hRGM A      RTRDLPGRAAAGLPLAPRPLLGALVPLLALLPVFC 450 
hRGM B      SSGNGTPRGGSDLSVSLG--LTCLILIVFL----- 478 
hRGM C      SDAGVPLSSATLLAPLLS---GLFVLWLCIQ---- 426 

  . .  ..: *.   ::  : :  

Figure 3. Amino acid sequences of repulsive guidance molecule (RGM) orthologues and homologues. (a) Amino acid sequence
of human, rat and chick RGM A. (b) Amino acid sequence of human RGM A, B and C isoforms.

Table 1. Nomenclature, features and chromosomal location
of repulsive guidance molecule (RGM) family members.

original
name synonyms

chromosomal
location
(humans)

RGM A RGM chr. 15
RGM B DRAGON chr. 5
RGM C hemojuvelin/DRAGON-like

muscle (DL-M)
chr. 1
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amino acid 168 in human RGM A; FGDPHL) in all
RGM members and throughout the animal kingdom
first suggested that an unknown protease is responsible
for this cleavage. Recent data obtained with recombi-
nant human RGM C/hemojuvelin, however, indicate
that RGM proteins also possess autocatalytic activity or
carry an intrinsically unstable bond, thus regulating
their activities. Zhang et al. (2005) found a conserved
peptide sequence (Phe-Gly-Asp-Pro-His-Leu) includ-
ing an acid-labile aspartic acid–proline bond and
showed that incubation of purified RGM C/hemoju-
velin at pH 5.5 increased cleavage of this bond and
yielded higher amounts of the 33 kDa fragment. As
mentioned earlier, this autoproteolytic/instability clea-
vage site is highly conserved, and could represent a
mechanism whereby the activity of the RGM proteins is
regulated by pH changes or autoproteolytic activity.
Whether this cleavage of the RGM proteins is
necessary for binding to the RGM receptor or whether
it enhances binding strength remains to be shown.

Inan expression cloning strategyusing a fusionprotein
of alkaline phosphatase–chick RGM (amino acids
28–403), neogenin was identified as a single clone out
of 480000 independent clones of a mouse adult brain
library expressed in COS-7 cells (Rajagopalan et al.
2004). Originally, neogenin was isolated from embryonic
chicken cerebellum as a DCC homologue (Vielmetter
et al. 1994). DCC was originally characterized as a
candidate tumour suppressor gene contributing to the
malignant phenotype of colorectal cancer in humans
(Fearon et al. 1990). Later, it was shown that DCC also
participates in axonal guidance. This was already
suggested through its homology with the C. elegans
UNC-40 protein, the receptor of UNC-6, a ligand
structurally related to laminin (Keino-Masu et al. 1996)
and involved in the guidance of axons and migrating
Phil. Trans. R. Soc. B (2006)
neurons (Chan et al. 1996). The human homologue of

UNC-6, netrin-1, binds DCC, resulting in growth

cone expansion, stimulation of neurite outgrowth and

commissural axon guidance along a netrin gradient

(Keino-Masu et al. 1996; Shekarabi et al. 2005).

Netrin-1 also binds to neogenin, but the exact role in

axon guidance for the neogenin/netrin-1 interaction has

not yet been proven.

The neogenin gene (NEO1) is located on human

chromosome 15q22.3 and encodes a 1461 amino acid,

glycosylated protein of approximately 190 kDa. Two

alternatively spliced forms of neogenin are found in

chicken, both differing by a 159 bp sequence in the

cytoplasmic domain, which interestingly is coding for

an amino acid stretch with a high degree of histidines

and prolines (Meyerhardt et al. 1997). Three additional

splice variants, which differ in the extracellular domain,

are described in mice (Keeling et al. 1997).

The structural conformation places neogenin and

DCC into the neuronal cell adhesion molecule family

(N-CAM) of the immunoglobulin (Ig) superfamily

(figure 5). The extracellular domain of human

neogenin displays common features of this family,

containing four V-like Ig like domains and six
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fibronectin type-III (FN-III) like domains. Eight
potential asparagine N-linked glycosylation sites are
present in the extracellular domain. The cytoplasmic
domain contains 338 amino acids with 14 potential
phosphorylation sites.

Overall, the amino acid sequence of neogenin is
highly conserved in vertebrates, e.g. in mouse (91%
amino acid identity) and chicken (86% amino acid
identity) and in invertebrates, e.g. in C. elegans (UNC-
40, 31% amino acid identity) and Drosophila melano-
gaster (frazzled, 31% amino acid identity; Chan et al.
1996; Kolodziej et al. 1996). Comparison of human
neogenin and human DCC has revealed that both
proteins have the identical domain structure and 50%
amino acid identity. Therefore, it is very likely that
DCC and neogenin diverged from a common ancestor.
A high degree of similarity is found between the fourth
FN-III and the fourth Ig domain, suggesting that the
netrin-binding site on DCC and neogenin involves one
of these domains. The cytoplasmatic domains of both
proteins are less conserved, with only 37% identity at
the amino acid level. A much higher amino acid
identity (97%) is, however, observed in the P3 domain
of the intracellular domains of neogenin and DCC, a
region shown to be responsible for focal adhesion
kinase (FAK) binding to both proteins (Ren et al.
2004). Besides this small homologous region, the
cytoplasmatic domain of neogenin shows no similarity
with any other protein in the database.

The binding affinity of RGM (Rajagopalan et al.
2004) to neogenin (KdZ230 pM) is much higher
compared to netrin-1 (KdZ2 nM). How neogenin
coordinates the binding of both ligands is currently not
known. Netrin-1 has been reported to bind to the
FN-III-like domain of DCC and, in a similar way,
RGM has been reported to bind to the FN-III domains
of neogenin (Geisbrecht et al. 2003; Rajagopalan et al.
2004). Netrin-1 and RGM share no sequence simi-
larity and although both ligands might bind to the same
neogenin region, their binding could still differ, with
netrin-1 binding to another FN-III repeat than RGM.
Whether RGM and netrin-1 interact is currently not
known, but such receptor-dependent or -independent
interact could have important synergistic or antagon-
istic consequences (Rajagopalan et al. 2004).
3. SIGNAL TRANSDUCTION OF REPULSIVE
GUIDANCE MOLECULE PROTEINS
Many repulsive or inhibitory axon guidance cues work
by stimulating the Rho-GTPase pathway (Mueller et al.
2005). Rho-GTPases belong to the Ras superfamily of
GTP-binding proteins and function like molecular
switches being active in GTP-bound state and inactive
in the GDP-bound state (Burridge & Wennerberg
2004). Three different types of regulatory proteins
influence the ratio of GTP-Rho versus GDP-Rho, and
thereby determine their cellular activity. Guanine
nucleotide exchange factors (RhoGEFs) stimulate the
exchange of GDP for GTP, and activate the Rho
proteins. GTPase-activating proteins, RhoGAPs,
enhance the intrinsic GTPase activity of Rho-GTPases
and inactivate Rho proteins and the guanine nucleotide
dissociation inhibitors (RhoGDIs) keep the Rho
Phil. Trans. R. Soc. B (2006)
protein in the GDP bound state and sequester it in
the cytosol, preventing its activation. On the basis of
work done in fibroblasts, three functionally different
Rho proteins have been described with RhoA being
responsible for stress fibre formation and focal complex
formation, Rac inducing lamellipodia and membrane
ruffles and CDC42 inducing filopodia (Hall 1998). In
growing neurites, these archetypical members of the
Rho family exert similar functions (Mackay et al. 1995)
and a role of RhoA activation in growth cone collapse
was shown for many different repulsive and inhibitory
proteins, like ephrin-A5, semaphorin-3A, wnts,
CSPGs, Nogo-A, MAG and OMGp (Mueller 1999;
Huber et al. 2003; Govek et al. 2005). RGMs induce
growth cone collapse and act as repulsive guidance cues
for growing neurites and similarly ephrin-A5 induces
collapse of retinal growth cones by activating the
RhoA–Rho kinase pathway (Wahl et al. 2000; Shamah
et al. 2001). Blocking this pathway by a bacterial
membrane-permeable Rho inhibitor, the C3 transfer-
ase, or by the well-known Rho kinase inhibitor,
Y-27632, prevents completely the RGM-induced
growth cone collapse and its repulsive guidance
activity. Owing to the inhibition of both the ephrins
and the RGMs in stripe assays with native tectal
membranes, repulsive activity of these membranes is
neutralized by the inhibitors of the RhoA–Rho kinase
pathway (B. K. Mueller & S. Wahl 2000, unpublished
work) and it is possible that a functional RhoA–Rho
kinase pathway is crucial for proper formation of the
retinotectal map. It is not known how the RhoA–Rho
kinase pathway is activated by binding of RGM to
neogenin. Rho activators like the RhoGEFs, ephexin and
Vav2, playing an important role in ephrin-A1-induced
growth conecollapse in mouse retinal axons (Cowan et al.
2005; Sahin et al. 2005) might be involved, but no data
have been generated yet to suggest their involvement
downstream of RGM–neogenin.

Here again, another similarity occurs between the
ephrins and the RGMs in the crucial elements of the
signal transduction pathway, underlying the repulsive or
inhibitory function of these guidance cues.

With two different ligands, RGM and netrin-1,
binding to neogenin and exerting opposing repulsive or
attractive axon guidance functions, questions focus on
the signal transduction pathway downstream of neo-
genin. As mentioned earlier, neogenin and DCC bind
FAK via their highly homologous intracellular p3
domain and FAK has been shown to be involved in
netrin-1-stimulated outgrowth of cortical axons (Liu
et al. 2004; Ren et al. 2004). Netrin-1 binding to DCC
induces activation of FAK and the cytoplasmic tyrosine
kinase fyn, and both are involved in netrin-1-mediated
axon outgrowth and attractive turning (Liu et al. 2004).
In addition, a cell-signalling complex consisting of
Cdc42, Rac1, Pak1 and N-WASP is recruited to DCC
by netrin-1 binding and induces Rac activation with
subsequent growth cone expansion of commissural
neurons (Shekarabi et al. 2005). The model proposed
suggests that upon netrin-1 binding to DCC, a
complex of the above proteins is build up at the
scaffold protein Nck1, which is constitutively bound to
DCC (Li et al. 2002). FAK, bound to DCC, recruits
and stimulates the Fyn and Src tyrosine kinases and a
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currently unknown GEF is assumed to activate Cdc42
and Rac, thereby explaining the observed cellular
phenotype of netrin-1-stimulated expansion of the
growth cone structure (Shekarabi et al. 2005). It is
not known whether netrin-1 binding to neogenin
stimulates the same pathway. The high amino acid
identity of the p3 domains suggest that this might be
true, and it is therefore crucial to understand how the
competition of RGM and netrin-1 for binding to
neogenin results in the activation of the RhoA–Rho-
kinase pathway or the Cdc42-Rac-Pak1 pathway.
Potential candidates of RhoGEFs involved in the
RGM–neogenin pathway are PDZ-RhoGEF (PSD-
95, discs large, 20-1-Rho guanine nucleotide exchange
factor) and LARG (leukaemia-associated RhoGEF).
These RhoGEFs are phosphorylated by FAK
(Chikumi et al. 2002) and are shown to link plexin-B
activation by the growth collapse inducing Sema 4D to
RhoA activation (Swiercz et al. 2002). These few
findings suggest that identifying the RhoGEFs down-
stream of neogenin is important to understand
repulsive and attractive axon guidance mechanisms,
mediated by RGM and netrin-1, respectively.
4. FUNCTIONAL ROLES OF REPULSIVE
GUIDANCE MOLECULE PROTEINS AND
NEOGENIN IN AXON GUIDANCE
As mentioned earlier, chicken RGM was shown to be an
axon guidance molecule of the retinotectal system; it is
repulsive for RGC axons from the temporal half of the
retina and induces collapse of their growth cones. The
in vivo role in retinotectal map formation is addressed in
RGM A knockout mice. Expression of RGM A in the
wild-type superior colliculus, the mammalian homolo-
gous structure of the non-mammalian optic tectum,
revealed that contrary to the expression gradient of chick
RGM in the tectum, RGM A showed no graded
expression along the anterior–posterior axis, in contrast
to RGM B, which exhibited higher expression levels in
posterior than in anterior mouse tectum (Niederkofler
et al. 2004). Gene inactivation of RGM A does not reveal
any clear mapping or pathfinding errors and it is possible
that RGM B with its graded expression pattern in the
Phil. Trans. R. Soc. B (2006)
mouse tectum is more important for mapping than RGM
A. On the other side, ephrins and their receptors are
shown to be important for retinotectal map formation
(Cheng et al. 1995; Drescher et al. 1995; McLaughlin &
O’Leary 2005). Ephrins are membrane-anchored gui-
dance molecules (mouse, eight different members),
which are grouped into two classes based on their mode
of membrane anchorage: A-ephrins are GPI-anchored
molecules whereas B-ephrins possess a transmembrane
domain. Receptors of the ephrins form the largest family
of receptor tyrosine kinases, the Eph receptor tyrosine
kinases (mouse, 14 different members) and are grouped
into two subfamilies: the Eph-A receptors, binding
preferentially A-ephrins, and Eph-B receptors binding
preferentially B-ephrins. Cross-binding between subfa-
milies has been reported, and binding redundancy with
many different ephrin ligands binding to one Eph
receptor and vice versa with binding of one ligand to
several different Eph receptors is also a common feature
of the ephrin–Eph system (McLaughlin & O’Leary
2005). Like RGM, ephrin-A2 and ephrin-A5 also show
a graded expression pattern in the tectum opticum and
many independent in vivo data with knockout and
transgenic mice (Frisen et al. 1998; Feldheim et al.
2000, 2004; McLaughlin & O’Leary 2005) suggest that
the ephrins and their receptors are important players in
establishing the topographic retinotectal projection in
vertebrates. The functional redundancy due to the
presence of ephrins and another RGM family member,
mRGM B, in the mouse tectum might explain that a
retinotectal mapping phenotype was not observed in
RGM A knockout mice. Additional in vivo studies are
required to reveal the exact function of RGMs in
topographic map formation in vertebrates since in a
recent meeting presentation describing RGM B knock-
out mice, no aberrant phenotype in mapping along the
anterior–posterior axis of the mouse superior colliculus is
reported (Salie et al. 2004). With both single RGM A and
B knockout mice showing no mapping phenotype along
the ap-axis, the role of RGM A and B in retinotectal map
formation is currently not clear and will require knockout
of both genes toget a disturbedmapping phenotype.Still,
however, functional similarities between A-ephrins and
RGMs are obvious: both types of ligands are repulsive
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for temporal retinal axons, both types of ligands are
graded along the anterior–posterior axis and temporal
axons express higher levels of their receptors, EphA3/
EphA5/EphA6 receptors and neogenin, respectively
(Rajagopalan et al. 2004; McLaughlin & O’Leary
2005). In addition, ephrin-A2 and ephrin-A5 are also
found on the surface of retinal axons, with nasal axons
showing higher expression levels than temporal axons
(Hornberger et al. 1999). Identical to ephrin-A2 and
ephrin-A5, chick nasal retinal axons carry higher levels of
RGM than temporal retinal axons (B. K. Mueller 2002,
unpublished work). Such an axonal expression of
repulsive guidance cues modifies sensitivity of the retinal
axons, as shown for ephrin-A2 and ephrin-A5 in the chick
retinotectal system (Hornberger et al. 1999), and this
type of sensitivity tuning might also occur in repulsive
axon guidance by RGM and its receptor neogenin. The
retinal fibres carrying more neogenin also express more
RGM at their surface. An alternative explanation for
coexpression of repulsive ligand and its receptor on the
same growth cone was developed recently on work done
with spinal motor neurons (Marquardt et al. 2005).
Similar to embryonic retinal axons, developing spinal
growth cones express EphA receptors and ephrin-A
ligands on the same growth cone, segregated into distinct
membrane domains and inducing opposing activities like
axon attraction and axon repulsion. In this way, growing
motor axons can simultaneously be attracted by binding
of EphA receptors to the growth cone ephrin-A and
repelled by binding of ephrin-A to the growth cone EphA
receptors (Marquardt et al. 2005). If we assume that
attractive, neurite growth-stimulating activities are
mediatedbyamoreactive Cdc42/Rac1pathway,whereas
the repulsive, inhibitory activity is mediated by a more
active RhoA pathway, then the lateral compartmentaliza-
tion of activators of these pathways in a single growth
cone needs to be examined. In this regard, ephexin and
VAV2 are very interesting candidates of RhoGEFs,
because they have the potential of activating both
Cdc42/Rac1 and RhoA pathways in a single growth
cone (Cowan et al. 2005; Sahin et al. 2005).

It remains to be proven if such a segregation of RGM
and also its neogenin receptor occurs in single growth
cones and if such mechanisms are more important,
then fine-tuning induced by cis interactions of receptor
and ligand in the same membrane plane.

Neogenin was the only receptor candidate identified
in the expression cloning approach, but other
proteins interacting with RGM A and B have recently
been identified.

These RGM interaction partners are members of the
bone morphogenetic protein (BMP) family and both
BMP2 and BMP4 have been reported to bind to RGM
A or RGM B (Babitt et al. 2005; Samad et al. 2005).
Both RGMs signal via BMP receptors, ALK3, ALK6
and Smad 1; no clear differences in the interaction of the
RGM family members with the BMPs have been
detected by the authors and both RGMs have been
reported to enhance BMP signalling (Babitt et al. 2005;
Samad et al. 2005). The role of BMP proteins in
retinotectal map formation is currently not clear.
Ventroptin is a secreted molecule, expressed in a
ventral high, dorsal low, nasal high and temporal
low, double-gradient along the dorsal–ventral and the
Phil. Trans. R. Soc. B (2006)
nasal–temporal axes of the embryonic chick retina, and
it was reported to inhibit or antagonize BMP2 and
BMP4 signalling (Sakuta et al. 2001; Takahashi et al.
2003). RGM is also present in chick retina and was
reported to enhance BMP2 and BMP4 signalling. At the
level of the BMPs, RGM and ventroptin act antagon-
istically, but it is currently not known how such a
molecular BMP2/4 antagonism affects intraretinal axon
guidance and retinotectal map formation.

A repulsive function of RGM A was also described in
another study. In the developing mouse hippocampus,
RGM A has been shown to be involved in the formation
of afferent connections in the dentate gyrus (Brinks
et al. 2004). RGM A protein is present in the inner
molecular layer of the dentate gyrus, whereas fibres
from the entorhinal cortex terminate in the outer
molecular layers. These fibres are repelled by RGM A
in stripe assays and their growth is inhibited on RGM A
expressing HEK293 cells. In the presence of function-
blocking polyclonal RGM A antibody, entorhinal fibres
are no longer inhibited by RGM A-HEK293 cells,
suggesting that RGM A is important for termination of
entorhinal fibres in the outer molecular layers of the
dentate gyrus. This was confirmed in an organotypic
entorhinal cortex–hippocampus co-culture system,
where the function-blocking RGM A antibody resulted
in massive aberrant projections of entorhinal fibres,
abolishing their layer-specific termination pattern, and
it suggests that RGM A exerts a repulsive guidance
function in rodent cortex (Brinks et al. 2004). All these
data are in agreement with the role of RGM A and
neogenin in axon guidance in vertebrates. However,
clear in vivo evidence for their exact role is still lacking
and awaits further experiments in zebrafish, chick and
mouse embryos.
5. ROLE OF REPULSIVE GUIDANCE MOLECULES
AND NEOGENIN IN EARLY NERVOUS SYSTEM
DEVELOPMENT
The expression of RGM early in the development of
zebrafish (Samad et al. 2004), chick (Matsunaga et al.
2004) and mouse (Niederkofler et al. 2004; Oldekamp
et al. 2004; Samad et al. 2004; Schmidtmer &
Engelkamp 2004) embryos has fostered the search for
the functions of these molecules besides axon guidance.
In chick embryos, chRGM as well as its receptor
neogenin are expressed as early as E2.5 in the chick
neural tube (Matsunaga et al. 2004). In the mouse,
mRGM A and B are expressed in the developing and
post-natal nervous system, but mRGM C was not
detected in four out of five studies (Niederkofler et al.
2004; Oldekamp et al. 2004; Samad et al. 2004;
Schmidtmer & Engelkamp 2004; but Martinez et al.
2004). Expression of mRGM A and B is first found at
the tips of the neural fold at E8.5–9.5 just at the time
when the neural tube will start to close (Niederkofler
et al. 2004). At the same time, a weak expression of
neogenin is found throughout the embryo and the
expression persists in the developing structures in and
outside the nervous system (Gad et al. 1997). At later
developmental stages, cells in the ventricular zone are
highly mRGM A-positive, whereas mRGM B is
expressed more laterally in early post-mitotic neurons.
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Such strong and mostly non-overlapping expression of
mRGM A and B was found in the embryonic brain and
persisted in several brain regions after birth albeit at a
reduced level (Niederkofler et al. 2004; Oldekamp et al.
2004; Samad et al. 2004; Schmidtmer & Engelkamp
2004). A first insight into the function of mRGM A and
B in the developing brain became available by the study
of mRGM A knockout mice: 50% of the homozygous
animals show a defect in the closure of neural fold to
the neural tube at the cephalic but not the spinal cord
level resulting in an exencephalic phenotype with major
morphological defects of dorsal brain structures.
Analysis of proliferation and apoptosis in these
structures did not reveal alterations in comparison to
wild-type mice (Niederkofler et al. 2004).

A neural tube defect has also been reported in
zebrafish after morpholino antisense knockdown of the
neogenin gene, despite the different mode of neural
tube formation (Mawdsley et al. 2004). Therefore, it
can be speculated that the interaction of mRGM A and
neogenin is necessary for neural tube closure in mice or
lumen formation of the neural tube rod in zebrafish by
a mechanism obviously not related to cell proliferation
and apoptosis. In mice, mRGM B cannot substitute for
mRGM A at the cephalic level, but is sufficient to allow
neural tube closure at lower levels of the developing
neural tube. While the broad expression of neogenin
throughout the developing CNS would allow to
attribute the effects of mRGM A and B to this receptor,
a notable exception is found in the PNS: mRGM B is
heavily expressed in the developing dorsal root ganglia
(Niederkofler et al. 2004; Oldekamp et al. 2004; Samad
et al. 2004; Schmidtmer & Engelkamp 2004) and
cranial nerve ganglia (Oldekamp et al. 2004), but
neogenin is absent in the PNS with the exception of the
trigeminal ganglion (Gad et al. 1997). Therefore, one
has to postulate a so far unknown receptor for mRGM
B beside neogenin in these structures or a homophilic
self-interaction. While the former conclusion cannot be
ruled out, the latter is strengthened by the studies
performed by Samad and colleagues. mRGM B
(DRAGON) was expressed recombinantly on HEK
cells, where it enhanced adhesion of dissociated dorsal
root ganglion neurons. Interestingly, mRGM A, termed
mRGM in this study, had an opposite effect. Since dorsal
root ganglion neurons heavily express mRGM B, a
homophilic interaction was suspected and was confirmed
by the authors in biochemical experiments with tagged
mRGM B (Samad et al. 2004). Mice deficient in mRGM
B were described in a recent poster presentation: they die
three weeks post-natally, but no defects in sensory motor
functions or nervous system development were disclosed
(Salie et al. 2004).
6. REPULSIVE GUIDANCE MOLECULE AND
NEOGENIN: A LIGAND/DEPENDENCE
RECEPTOR COUPLE
An additional insight into the function of RGM and
neogenin in nervous system development was discovered
by a study wherein the expression of RGM and neogenin
was enhanced or suppressed in the chick neural tube
(Matsunaga et al. 2004). Whereas electroporation of
cRGM at E1.5 in the area of the developing dorsal
Phil. Trans. R. Soc. B (2006)
metencephalon, the mesencephalon, and the caudal
diencephalon did not affect cell number, neogenin
overexpression reduced the cell number 24 h later at
E2.5. This was accompanied by a concomitant strong
increase in the number of TUNEL (terminal deoxynu-
cleotidyl transferase-mediated dUTP-biotin nick end
labelling)-positive cells and of cells staining positive for
activated caspase 3 indicating cell death by apoptosis. To
confirm the involvement of caspases, the authors
investigated the cleavage of neogenin by caspases
in vitro and detected a processing by caspase 3. Mutation
of the caspase cleavage site resulted in a total loss of cell
death-inducing activity in vivo, confirming that cell death
observed with wild-type neogenin is caspase-dependent
and most probably apoptotic. In accordance, the
simultaneous overexpression of the bacculovirus cas-
pase-inhibitory protein p35 completely blocked neo-
genin-induced cell death. Interestingly, simultaneous
coexpression of RGM completely suppressed neogenin-
induced apoptosis also, and this effect could not be
mimicked by the expression of netrin-1, another ligand
for neogenin. On the other hand, suppression of chRGM
expression by electroporation of siRNA resulted in
apoptotic cell death similar to neogenin overexpression.
Suppression of neogenin expression by siRNA was
without effect on cell number. Similar results were also
obtained in cell culture (Matsunaga et al. 2004). Given
that the mechanisms leading to caspase 3 activation were
unknown in this setup, these data together suggest a pro-
apoptotic role for the receptor neogenin if it is not bound
to its ligand chRGM. ChRGM and neogenin share this
property with other ligand/receptor pairs involved in
axon guidance in the nervous system, e.g. netrin-1/DCC,
NGF/p75NTR. Besides these, other receptors like
patched (Ptc), UNC-5 homologue, integrin receptors
(avb3, a5b1) and the androgen receptor have been
identified (Mehlen & Mazelin 2003; Matsunaga &
Chedotal 2004) and termed ‘dependence receptors’ to
indicate that their expression creates a state of depen-
dence of the cells in the presence of their ligand (Bredesen
et al. 2004; Mehlen & Fearon 2004). The observation
that chRGM and neogenin might belong to this group
would fit to their expression in developing brain and other
organs, where control of differentiation and cell number
is of utmost importance. An involvement of neogenin in
tumorigenesis, especially the enhanced expression of
neogenin in oesophageal squamous cell carcinoma
specimens and the corresponding cell lines (Hu et al.
2001) and its potential contribution to breast cancer
(Srinivasan et al. 2003) formation, would also be in line
with the function in controlling cell number. On the other
hand, considering the results in the chick neural tube, one
could expect that an enhanced expression of neogenin
would render the cells death-prone and would not lead to
proliferation. An expression of RGM leading to survival
and potentially inducing a hyper-proliferative status in
these systems has yet to be demonstrated. In the
knockout mice for mRGM A, which is the mRGM
species with the highest homology to chick RGM, no
alteration in cell number or signs of apoptosis could be
found (Niederkofler et al. 2004). Further studies are
warranted to confirm the data in the chick before it can be
concluded that RGM and neogenin act as a ligand/
dependence receptor pair in general.
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A high expression of neogenin is found in many
cancer tissues, including many tumour cells that have
downregulated DCC (Meyerhardt et al. 1997). Thus, it
was suggested that neogenin plays an integral role in
the regulation of terminal differentiation programs and/
or cell migration events. This implies that the biological
functions of DCC and neogenin are distinct. In
accordance, neogenin expression levels in areas of
neuronal maturation in the brain increase in contrast to
the DCC expression levels (Vielmetter et al. 1994;
Barallobre et al. 2005).
7. ROLE OF REPULSIVE GUIDANCE MOLECULES
IN ADULT VERTEBRATE CNS
Injury to the human brain or spinal cord has usually
devastating consequences and pharmacotherapeutic
approaches, if available, are of limited benefit for the
victims. At injury sites, numerous inhibitors like
Nogo-A, MAG, OMGp and CSPGs are present in
CNS myelin, myelin debris or in the scar tissue and
prevent any constitutive regenerative neurite growth,
thereby being partially responsible for the lesion-
induced functional deficits. As a response to the injury,
the CNS re-expresses many repulsive or neurite
growth-inhibitory proteins at or adjacent to the injury
site. Examples for such a re-expression of develop-
mental inhibitory repellent molecules are semaphorins
4D, 3A and 6B, ephrin-B2 and RGMs (Miranda et al.
1999; Pasterkamp et al. 1999; De Winter et al. 2002;
Moreau-Fauvarque et al. 2003; Kury et al. 2004;
Schwab et al. 2005a,b). In the healthy adult human
brain, immunohistochemistry with a pan-RGM
antibody revealed that RGM proteins are located on
perikarya of some neurons, chorioid plexus, smooth
muscle of the vasculature, endothelial cells and on
oligodendrocytes and white matter fibre tracts (Schwab
et al. 2005a). A similar staining pattern was also
observed in the rat brain, suggesting that RGM proteins
could act in concert with myelin-associated inhibitors
Nogo-A, MAG and OMGp to restrict or prevent
plasticity of neurites in the adult mammalian CNS
(Schwab et al. 2005b). This evolutionary conserved
expression pattern of RGM proteins provides evidence
that RGM proteins are potential inhibitors of neuror-
egeneration and it was therefore important to analyse
their expression in the injured or stroke-damaged
human brain. With this aim, sections of human brains
from 21 patients with a clinical history and with
neuropathologically defined focal cerebral ischaemia
(FCI) and from 25 patients with traumatic brain injury
(TBI) were analysed for RGM expression using a
polyclonal pan-RGM antibody (Schwab et al. 2005a).
In the FCI victims, whose post-infarction survival time
varied from 6 h to 38 months, RGM accumulated in the
infarct core, peri-infarctional areas of the penumbra
and haemorrhagic areas. Lesion-associated cellular
RGM staining was confined to neurons, few reactive
astrocytes and invading leukocytes. In these areas,
RGM-positive cells accumulated already 1 day after
stroke, reached maximal numbers 1.5–2.5 days
later and remained elevated for weeks or months after
stroke. During the early period after the ischaemic
damage (up to 2.5 days), RGM was found on neurons,
Phil. Trans. R. Soc. B (2006)
leukocytes (granulocytes, monocytes, lymphocytes)
and in blood vessels (endothelial and vascular smooth
muscle cells). Later on (1–7 days after stroke),
RGM-positive cells extravasated outside the vascular
walls into the focally lesioned parenchyma (Schwab
et al. 2005a). The presence of RGM on extravasating
lymphocytes and in cellular components of the
brain vasculature is a hint that RGM could play a
role in the massive permeability changes induced by
an ischaemic stroke. The molecular mechanism of
how RGM is involved in these permeability changes
could be a potential inactivation of the relevant
vasculature-specific integrins and the RGM-induced
activation of the Rho pathway, which is known to
increase vessel permeability (Van Hinsbergh & Van
Nieuw Amerongen 2002).

In stroke patients surviving the initial insult, a glial
scar forms at the lesion and a pseudo-lamina or neo-
laminar structures are formed, where RGM is no
longer associated with cellular surfaces, but with
extracellular, fibril-like deposits. In the newly formed
glial scar and the mature scar in infarct-damaged
human brain, massive accumulation of RGM proteins
occurs and this was also observed in victims dying
from brain injury. Their post-injury survival times
varied from minutes to 5 years and the RGM
localization pattern was nearly identical to the
RGM-staining pattern of the FCI victims. Most
notably in one case, where the TBI victim died 12 h
after injury, RGM-positive cells accumulated already
at the lesion site (figure 6), suggesting that the
mechanisms of invasion of RGM-positive cells are
extremely rapid. In the patient with 5-year survival
time, extracellular, fibrillar RGM was found in the
scar tissue (figure 6) and this is an indication that
injury-induced accumulation of extracellular scar-
associated RGM is very stable and contributes to
the regeneration-inhibitory potential of this important
barrier (Schwab et al. 2005a). Initially after insult or
injury, RGM accumulates at damage sites and is
associated with cell surfaces. Soon after, RGMs or
fragments of it are found in the extracellular matrix of
the lesion and it is not known how such a release
from the cell surface is mediated. Several opportu-
nities exist in how GPI-anchored RGMs or RGM
fragments might be shed off from the cell surface.
Autoproteolytic or instability cleavage, favoured by a
pH drop, has been described for RGM and produces
the more active GPI-anchored RGM, releasing 168
amino acid N-terminal fragment of human RGM A
(Zhang et al. 2005). It is not known whether this
N-terminal fragment has repulsive or neurite out-
growth inhibitory activity. Owing to the CNS injury
and CNS ischaemia-associated tissue acidosis (Siesjoe
1992; Marmarou et al. 1993), it is assumed that the
drop in pH induces cleavage of RGM. It is therefore
likely that the RGM proteins accumulating at lesion
sites in humans suffering from brain injury or stroke
lack the amino-terminal 168 amino acids.

Besides the cleavage site, RGM C proteins have
been reported to possess a furin cleavage site between
amino acids 335 and 336 and this cleavage site could
also produce a secreted form of the RGM proteins. In
addition, GPI-anchor hydrolysing enzymes, the most



Figure 6. Repulsive guidance molecule (RGM) proteins are localized in fresh and mature lesion sites in injured human brain. In
a patient dying from traumatic brain injury, after 12 h, (a) RGM-positive cells have already accumulated at the lesion site. The
lesion is located in the right frontobasal part of the brain and the patient died from severe brain oedema. In older lesions, (b) scar
tissue has formed at the injury site and extracellular RGM immunoreactivity is associated with fibrillar structures. This
patient died 5 years after suffering a brain injury in the left and right frontobasal part of the brain and cause of death was
pulmonary embolism.
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important eukaryotic variant of the bacterial PI-PLC

enzymes, the GPI-PLD enzyme, could release GPI-

anchored proteins. GPI-PLC-like activities have been

described in mouse brain membranes, one of these

associated with myelin (Fouchier et al. 1990). The

identity of the protein having such GPIase activity

(releasing GPI-anchored proteins) is not known, but

one potential candidate was recently identified as

angiotensin-converting enzyme (ACE; Kondoh et al.
2005). In inflammatory demyelinating CNS and PNS

diseases, myelin induces release of ACE from macro-

phages (Constantinescu et al. 2000) and the macro-

phages are known to accumulate at CNS injury sites

(Leskovar et al. 2000). In addition, secreted splice

variants of the RGM proteins might be produced,

lacking the GPI-anchor. Ample opportunities exist to

release RGM proteins from the cell surface and it is

currently not known whether such a release of RGM

proteins and fragments of it results in its increase in

blood and cerebrospinal liquid. The closely related

family member, RGM C/hemojuvelin, is detectable in

large amounts in plasma and serum of healthy humans

as two protein bands with 33 and 16 kDa (Lin et al.
2005). It is not known whether RGM A or RGM B

proteins are present in blood of healthy humans, but it

is assumed that their presence in human blood could be

associated with pathological human CNS conditions.

Comparing cellular and extracellular RGM immu-

nostaining patterns, two remarkable features have been

noticed. First, no matter what the type of damage is,

both focal ischaemic stroke and brain injury induce

very similar patterns of cell surface and extracellular

RGM accumulation at or around the lesion site in

humans and adult rats and it remains to be shown

whether similar RGM staining patterns are observed in

human neurodegenerative diseases. Second, the

presence of RGM proteins in the developing and

mature glial scar, which prevents any regenerative

invasion of sprouting neurites, is remarkable and

together with RGM localization on myelinated fibre
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tracts and oligodendrocytes suggests that neutralizing

RGM proteins in the two most important barriers

(CNS myelin, glial scar) for neuroregeneration in

humans is a promising strategy towards functional

recovery.

The RGM receptor, neogenin, is widely expressed in

the adult CNS and spinal cord and is distributed

predominantly in the grey matter (Manitt et al. 2004).

Netrin-1, another ligand of neogenin, is also found in

the spinal cord in both grey and white matter and

blocking of RGM proteins could therefore free

neogenin from RGM to bind netrin-1 (Manitt et al.
2004). As the netrin-1/neogenin interaction stimulates

neurite growth (Barallobre et al. 2005), such preven-

tion of binding of RGM to neogenin is envisioned to

stimulate neurite growth. Therefore, inhibition of

RGM in spinal cord injury (SCI) has the advantage

of not only neutralizing a potent neurite growth

inhibitor, but also to allow stimulation of neurite

growth via binding of netrin-1 to neogenin.

Besides binding of RGM A to neogenin and

inducing neurite growth inhibition, the binding of

RGM A or B to BMP2 and 4 could represent another

obstacle to successful neuroregeneration and

functional recovery. Usually, BMP expression is

relatively low in most regions of adult CNS, but rapid

increases in the expression of BMP members (BMP2,

BMP6 and BMP7) have been reported in response to

injury and insult (Lai et al. 1997; Martinez et al. 2001;

Hall & Miller 2004; Setoguchi et al. 2004). In vitro,
BMP2 and BMP4 have been described as repressors of

oligodendrocyte development, because they induce a

shift in lineage commitment of oligodendrocyte pre-

cursors (OPs) towards the astrocytic lineage. In

addition, BMP4 prevents or blocks maturation of

immature oligodendrocytes (See et al. 2004). Demye-

lination is commonly observed after SCI and a rapid

remyelination could improve functional recovery. This

is apparently prevented by upregulated BMP family

members, due to their negative effects on lineage
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Figure 7. The anti-repulsive guidance molecule (anti-RGM) A antibody, but not the IgG control antibody, promotes the
regeneration of corticospinal tract axons after spinal cord injury. Camera lucida drawings of biotin-dextran-amine labelled
corticospinal axons of a (a) control IgG-treated rat and an (b) anti-RGM A antibody-treated rat in consecutive parasagittal
sections. Grey-coloured tissue corresponds to scar tissue at or adjacent to the transection injury lesion. Reproduced from the
Journal of Cell Biology 2006; 173, 47–58 by copyright permission of the Rockefeller University Press.

The role of RGMs (repulsive guidance molecules) B. K. Mueller and others 1523
commitment and maturation of OP cells, thereby

decreasing the number of oligodendrocytes available

for rapid remyelination. Whether RGM proteins are

involved in this process is currently not known, but the

rapid upregulation of RGM proteins at the lesion or

insult site and their expression by oligodendrocytes

suggest that this might be the case.

It is currently not clear why RGMs and other repulsive

guidance cues accumulate at lesion sites in adult

mammalian CNS. Can this be regarded as an embryonic

imprinting pattern in adult CNS tissues to direct and

guide regenerating fibres beyond the lesion or is it a

reaction to prevent excessive sprouting and aberrant

wiring? Why is such a response at best only partial and

why does it lack any rejuvenating response on the injured

or damaged fibres? The latent inhibition of injured fibres

manifested as formation of retraction bulbs, structures

similar in appearance to collapsed growth cones in vitro,
poses additional questions: will it be possible to reactivate

the crucial and the most efficient mechanism of neurite

growth and of neurite pathfinding, the elaboration of a

powerful neuronal growth cone? Comparing both

embryonic and adult neurons when they respond to

inhibitory or repulsive guidance cues like the RGMs will

help us to understand the lack of successful regeneration

in humans after CNS injury.

As mentioned earlier, RGM proteins are inhibitory or

repulsive for growing neurites, and in the adult

mammalian CNS they are found in both fresh and

mature lesions, scar tissue and myelinated fibre tracts.

Their neutralization by an antibody should therefore

improve regenerative growth of injured fibres and

functional recovery. This assumption was proven by

Hata and colleagues in a recent paper (Hata et al. 2006).
Phil. Trans. R. Soc. B (2006)
They raised polyclonal antibodies against an RGM

A-specific peptide, which recognized the protein as a

33 kDa band in a rat CNS myelin preparation and in

homogenates of the lesion tissue. In neurite growth

experiments with cerebellar granule cells, the antibody

blocked the inhibitory activity of RGM A resulting in

increased neurite growth. When added to a CNS myelin

substrate, this antibody significantly improved neurite

outgrowth and after immunodepletion of RGM A from

CNS myelin, the neurite growth inhibitory activity of

myelin was strongly reduced. All these in vitro data

suggested that RGM A is an important constituent of

CNS myelin and inactivation of RGM Awas expected to

improve regeneration and functional recovery in a rat

SCI model (Hata et al. in press). To test this hypothesis,

adult rats underwent a moderate SCI (hemisection at

thoracal level) and the RGM A antibodies or a control

antibody were administered via pump for two weeks

post-injury. Ten weeks after SCI, tracing of the

corticospinal tract (CST) revealed large differences

between RGM A antibody and control antibody-treated

animals. In control antibody-treated animals, no

regenerating CST fibres were found caudal to the lesion

and only few fibres managed to extend for a short

distance into the lesion or scar tissue (figure 7a). In

contrast to the control antibody, the RGM A antibody

induced re-growth of hundreds of fibres into the lesion

and beyond the lesion and the longest fibres were found

10 mm caudal to the lesion (figure 7b), suggesting that

the RGM A antibody not only neutralized myelin-

associated RGM A, but also lesion- or scar tissue-

associated RGM A (Hata et al. in press). The extensive

re-growth or sprouting offibres in the RGM A antibody-

treated animals correlated well with their improved
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Figure 8. The anti-repulsive guidance molecule (RGM) A
antibody promotes functional recovery after spinal cord
injury. The BBB score, a neurological rating score for
evaluation of hind limb function, was determined at the
indicated time points after dorsal hemisection injuries. RGM
A antibody-treated animals (nZ9) reached a final average
BBB score of 15, control antibody-treated rats reached a
score of 10.9 (nZ11) and the sham-operated controls (nZ5)
reached a score like normal healthy rats of 21. The BBB
scoring curves of control- and anti-RGM A-treated animals
started to diverge five weeks post-injury, with the difference
increasing further at later time points. Antibody treatment
was done within the first two weeks post-injury (total dose:
80 mg per rat), starting immediately after injury. Reproduced
from the Journal of Cell Biology 2006; 173, 47–58 by copyright
permission of the Rockefeller University Press.
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functional recovery. While the RGM A antibody-treated
animals reached a BBB score of 15 on an average, the
control antibody-treated animals reached a BBB score
of only 10.9 on an average, a large and significant
difference between both groups (figure 8). The
improved functional recovery became evident only five
weeks after injury, when many regenerating or regrow-
ing fibres have passed the lesion site (figure 8). Taking
into account that the size of the transection lesions in
these rats was 3–3.5 mm in width along the rostro-
caudal axis and assuming that regenerating axons grow
100 mm per day (Kerschensteiner et al. 2005),
30–35 days are necessary for the injured fibres to get
beyond the lesion and synapse with spinal neurons.
Interestingly, this is precisely the time frame when RGM
A antibody-treated rats and control rats began to diverge
in their behavioural scores, and this indicates that the
RGM A antibody treatment in spinally injured rats
induces functional recovery in a very different way from
other neuroregenerative drugs like Nogo-A antibodies,
NgR antagonists, and Rho kinase inhibitors. For all
these drugs, the largest improvement in functional
recovery occurred within the first two weeks of post-
injury (Grandpré et al. 2002; Tanaka et al. 2004;
Liebscher et al. 2005) and no further significant
improvement was observed four weeks post-injury.
Obviously, local sprouting in these cases is more
important than long distance regeneration, which
might be the primary mechanism of action for the
RGM A antibody. Whatever the mechanism is,
underlying functional recovery, RGM A has proven
as a clear example of an embryonic directional
guidance cue, reappearing in the adult CNS of humans
and rats and acting as a repulsive or inhibitory cue,
thereby recapitulating molecular processes of
embryonic development.
Phil. Trans. R. Soc. B (2006)
8. ROLE OF REPULSIVE GUIDANCE MOLECULES
OUTSIDE THE CENTRAL NERVOUS SYSTEM
Beside a strong albeit complementary expression in
many regions of the developing mouse brain, mRGM A
and B mRNA have been detected outside the nervous
system during development. At E10.5 expression of
RGM A mRNA was found associated with somitic
structures (Schmidtmer & Engelkamp 2004). At
E14.5, mRGM B is expressed in nasal epithelium, the
digestive tract and cartilage, whereas mRGM A is
expressed in limb primordia, the cochlear epithelium
and both isoforms are found in the developing lung
(Oldekamp et al. 2004) in the embryonic gut and
enteric ganglia cells of foetal and adult gut (Metzger
et al. 2005). RGM B is expressed throughout the
reproductive tract and is found in testis, epididymis,
ovary, uterus and pituitary (Xia et al. 2005). RGM A
and RGM B are also expressed in a larger variety of
organs, like heart, liver and kidney, of the adult rat
(Babitt et al. 2005). mRGM C mRNA was found in
differentiating muscle cells as early as E9.5
(Schmidtmer & Engelkamp 2004; Niederkofler et al.
2004) and is expressed in striated muscles and cardiac
muscle in juvenile (P7) mice (Oldekamp et al. 2004) as
well as in foetal and adult liver (Papanikolaou et al.
2004). Interestingly, the RGM receptor neogenin
shows a widespread expression outside the CNS during
embryonic development (Keeling et al. 1997). An
overlap in expression with members of the RGM
family during at least some stages of development is
found in somites and developing skeletal muscles
(between E10.5 and 14.5), in the lung as well as in
cartilage and connective tissue surrounding the nasal
epithelium (Gad et al. 1997). Neogenin is regarded as a
candidate for the regulation of myogenesis together
with its alternative ligands, members of the netrin
family (Kang et al. 2004). The partial overlap of the
expression of different members of the mRGM family
on one site with the expression of neogenin and netrins
on the other site might indicate a crosstalk between
members of the different ligand families of neogenin in
development outside the CNS. This scenario gains
likelihood given that processes necessary for neurite
outgrowth and axon guidance, e.g. re-shaping of
the actin cytoskeleton, are also involved in cell
differentiation and migration.

The hemojuvelin/RGM C gene on human chromo-
some 1q21 was recently linked to juvenile haemochro-
matosis ( JH), an early-onset autosomal recessive
disease characterized by iron overload resulting in
cardiomyopathy, diabetes and hypogonadism (Papani-
kolaou et al. 2004). More than 15 different mutations
have been described in exons 3 and 4 of hemojuvelin/
RGM C in JH patients (Lanzara et al. 2004; Lee et al.
2004; Papanikolaou et al. 2004). Clinically and
biochemically, the hemojuvelin/RGM C JH was very
similar to JH caused by homozygous disruption of the
HAMP gene (Roetto et al. 2003). The HAMP gene
codes for hepcidin, a key iron-regulatory peptide,
25 amino acids in length regulating iron absorption in
the small intestine, iron release from macrophages and
iron transport across the placenta (Ganz 2003). Severe
iron overload was observed in hepcidin knockout
mice, mimicking the JH phenotype of humans
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(Nicolas et al. 2001). Iron overload also occurred in
hemojuvelin/RGM C knockout mice particularly in the
liver and heart, mimicking the human situation
although cardiomyopathy, diabetes and hypogonadism
were absent (Huang et al. 2005; Niederkofler et al.
2005). The clinical similarities of the hepcidin and
the hemojuvelin/RGM C JH, the fact that both the loss of
function HAMP and hemojuvelin knockout mice suffer
severe iron overload, are clear hints that both gene
products act in the same iron-regulatory pathway.
Mutations in hRGM C or knockout of mRGM C
drastically reduces the expression of peptide hormone,
hepcidin, by a mechanism currently under investigation
(Papanikolaou et al. 2004; Huang et al. 2005; Niederko-
fler et al. 2005). Hepcidin controls the extracellular iron
concentration by regulating the iron flow into the plasma
through the transmembrane protein, ferroportin (Roetto
et al. 2003; Nemeth et al. 2004), such that reduction of
hepcidin levels results in increased iron levels in the
plasma followed by iron overload in several organs. Two
recent studies gave first hints on the possible regulation of
hepcidin by hemojuvelin/RGM C. In human hepato-
cytes, soluble hemojuvelin/RGM C, at concentrations
found in human sera, suppressed hepcidin mRNA
expression in a dose-dependent way, whereas cellular
hemojuvelin/RGM C positively regulated hepcidin
expression (Lin et al. 2005). Such a competition of
soluble hemojuvelin/RGM C and membrane-attached
hemojuvelin/RGM C in hepcidin regulation is unique,
was not observed before in the RGM family and might
also be of relevance in human brain injury and stroke,
where soluble- and membrane-attached RGMs are
known to exist at the same time and location.

In the second study with hemojuvelin/RGM C-trans-
fected HEK293 cells, the RGM receptor, neogenin, was
implicated as a receptor-regulating hepcidin (Zhang
et al. 2005). Binding of hemojuvelin/RGM C to
neogenin in HEK293 cells resulted in increased
intracellular iron and ferritin levels and the most
common JH point mutation in hemojuvelin/RGM C, a
G320 V substitution, was apparently no longer able to
interact with neogenin as shown by coimmunoprecipita-
tion of HEK293 cells transfected with the G320V
mutant with an RGM C antibody (Zhang et al. 2005).

These interesting results require a more detailed
analysis of the effects of different hemojuvelin/RGM C
mutants on their interaction with neogenin.

The studies mentioned earlier add the regulation of
iron metabolism to the spectrum of functions exerted by
the members of the RGM family. This finding might even
have more widespread impact, since alterations in the
level or the redox status of iron are involved in the
pathophysiology of several neurodegenerative diseases,
like Parkinson’s disease and Alzheimer’s disease (Ke &
Ming Qian 2003; Doraiswamy & Finefrock 2004;
Thomas & Jankovic 2004). While several investigators
could not detect the RGM C mRNA in the brain by in situ
hybridization and northern blot (Niederkofler et al. 2004;
Oldekamp et al. 2004; Samad et al. 2004; Schmidtmer &
Engelkamp 2004), a recent study (Martinez et al. 2004)
reported its expression using freshly prepared mouse
brain RNA in RT-PCR and mouse brain protein in
western blot. Interestingly, commercially available
mouse and human brain cDNA failed to show the
Phil. Trans. R. Soc. B (2006)
expression of RGM C. Unless the expression of RGM C
in human brain can be shown unequivocally, a potential
link to brain iron metabolism and neurodegenerative
diseases remains highly speculative.
9. CONCLUDING REMARKS
Since the discovery of the RGM protein family,
numerous functions have been ascribed to this family
of proteins. Their injury- or damage-related accumu-
lation in the human brain, their localization to two
different important barriers of nerve regeneration, the
CNS myelin sheets and the lesion- or damage-
associated scar tissue suggested that blocking their
inhibitory activity by selective antagonists will turn out
to be a fruitful approach to stimulate regeneration of
nerve fibres and enhance functional recovery. In an
animal model of SCI, this has recently been achieved
by a function-blocking RGM A-specific polyclonal
antibody. RGM A can be regarded as an embryonic
directional guidance cue, re-expressed at lesion sites in
both humans and rats, inhibiting re-growth of injured
nerve fibres and subsequently functional recovery.
Besides acting as a repulsive guidance cue for growing
axons during the development of embryonic CNS, the
function of RGM A in the adult CNS is more inhibitory
than being repulsive. Neutralization of RGM A
inhibition has therefore resulted in astonishing
functional recovery and is a promising new therapeutic
strategy for the treatment of SCI.

The authors thank Hans Schoemaker and Gerhard Gross for
their comments, their excellent feedback and insightful
discussions. B.K.M. also thanks his former collaborators,
Lutz Deitinghoff, Jan Schwab and Friedrich Bonhoeffer.
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