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Abstract
Background The death and the failure of neurons to
regenerate their axons after lesion of the central nervous
system in mammals, as in the case of spinal cord injury and
optic nerve trauma, remain a challenge. In this study, we
focused on the repulsive guidance molecule A (RGMA) and
its receptor neogenin. Since it was reported that RGMA+ cells
accumulate in lesioned areas after spinal cord injury, brain
trauma, and optic nerve crush, and curiously, anti-apoptotic
effects of RGMA were also described, we investigated the
role of RGMA and neogenin in the retina after optic nerve
crush (ONC).
Methods We evaluated the spatial and temporal protein
pattern of RGMA and neogenin in the rat retina without
(non-regenerating model) or with (regenerating model) lens
injury (LI). We investigated the presence of RGMA,
neogenin and other proteins at up to nine time points

(6 h–20 days post-surgery) by performing immunohisto-
chemistry and Western blots.
Results Independent of the treatment, RGMA protein was
present in the nuclear layers (NLs), plexiform layers (PLs),
nerve fiber layer (NFL), and in retinal ganglion cells
(RGCs) of the rat retina. RGC and nerve fibers were
always RGMA+. Further RGMA+ cells in the retina were
blood vessel endothelial cells, astrocytes, Müller cells, and
some microglial cells. The RGMA pattern for the specific
retinal cells resembled those of previously published data.
The neogenin pattern was congruent to the RGMA pattern.
Western blots of retinal tissue showed further RGMA+
products only in LI animals. Furthermore, a higher amount
of RGMA was found in the retinae of ONC + LI rats
compared to ONC rats.
Conclusions Although a difference in the localization of
RGMA is not obvious, the difference in the amount of
RGMA is striking, the higher amount of RGMA in the
retinae of ONC + LI rats compared to ONC rats indicates a
role for RGMA during degeneration/regeneration processes.
Our results are consistent with several reported neuro-
protective effects of RGMA. Our new data showing the
upregulation of RGMA after ONC in our regenerating model
(plus LI) confirm these findings conducted in different
settings.
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Introduction

In-vivo, neurons of the central nervous system (CNS) lack
the ability to regenerate their axons after an injury. After
optic nerve trauma in adult rats, a rapid and massive
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reduction of the original population of retinal ganglion cells
(RGC) is observed, starting 5–7 days after injury. Some
80% to more than 90% of the RGCs die within 2 weeks
after the injury [1–8]. RGC loss is slower in crushed than in
transected optic nerves [6, 9]. The reasons for the failure of
RGC axons to regenerate after optic nerve lesions in adult
animals are not known. Plausible hypotheses include down-
regulation of cytoskeletal proteins, receptors, or proteins
involved in the signaling pathways necessary for axonal
elongation [10] and/or expression of receptors for molecules
inhibitory to axonal extension, such as NOGO, netrin-1,
semaphorins, and ephrins [11–16].

A further chemorepulsive factor playing a role in CNS
disorders is the Repulsive Guidance Molecule (RGM),
which has been functionally characterized as a molecular
determinant for retinotectal map formation [17–19]. RGM
is attached to membranes via a glycosylphosphatidylinosi-
tol (GPI) anchor. Recombinant RGM induces collapse of
growth cones of RGCs and guides retinal axons in vitro,
demonstrating a repulsive and axon-specific guiding activity
[17, 20].

Several studies have been performed to clarify the role of
RGMA in the degenerating/non-regenerating processes of
CNS injuries: Schwab et al. showed that RGM+ cells
accumulated in lesioned and peri-lesional areas after spinal
cord injury (SCI), and several glial and non-glial cells and
tissues (including the mature and maturing scar) showed
RGM immunoreactivity [21]. It was also shown in rats after
SCI that inhibition of RGM enhanced growth of injured
axons, promoted functional recovery [22], and induced
synaptic rearrangements of spared axonal projections [23].
Furthermore, RGMAwas found to accumulate at the lesion
sites after traumatic brain injury and focal cerebral ischemia
[24]. We recently showed that RGMA was present at the
crush site after optic nerve crush (ONC) and absent after
ONC + lens injury (LI). RGMA was co-localized with
nerve fibers, blood vessels, shaft of the ON, astrocytes,
oligodendrocytes, and some microglial cells [25]. More-
over, we showed a significantly lowered amount of RGMA
in ONC plus LI animals at 2, 4, and 6 days after crush
compared to ONC animals [25].

In order to understand the role of RGM in glaucoma, we
characterized the expression patterns of the three known
members (A, B, C) of the RGM gene family and of the
RGMA receptor neogenin in the retina and optic nerve
(ON) of a mouse glaucoma model (DBA/2J strain) versus
the unaffected C57BL/6J strain [26]. RGMA, RGMB, and
neogenin expression were detected in all three nuclear
layers of the retina. We found a higher expression of
RGMA, RGMB, and neogenin in the retinae of all
glaucoma-affected mice than in the age-matched control
strain. Furthermore, we detected a higher RGMA and
RGMB expression in the ONs of glaucoma-affected DBA/

2J-mice older than 11 months (the age when degeneration
of the ON occurs) than in the unaffected control mice of the
same age. Although RGMA is expressed in a gradient in
the chick retina and blocks only temporal but not nasal
axons [17], no gradient has yet been observed in rodents
[26–28].

Interestingly, overexpression of neogenin reduced the
number of neurons in the developing neural tube, whereas
electroporation of chRGMA did not cause neuronal death
[29]. Simultaneous co-expression of RGMA completely
suppressed neogenin-induced apoptosis. Moreover, suppres-
sion of chRGMA expression by siRNA resulted in apoptotic
cell death similar to neogenin overexpression. Matsunaga et
al. concluded a proapoptotic role for neogenin if it is not
bound to its ligand RGMA [29]. Moreover, it was recently
shown that RGMA promotes retinal ganglion cell survival in
vivo and in vitro [30].

In order to better clarify the role of RGMA in the failure of
mammal retinal ganglion cells to regenerate their axons after
optic nerve injury, we used two models in the present study: a
non-regenerating (ONC only) and a regenerating (ONC
combined with lens injury (LI)). LI is an established
experimental paradigm for reliable long-distance regeneration
of mammalian retinal ganglion cell axons [31–33]. We
studied the spatio-temporal differences of RGMA and
neogenin by performing immunohistochemistry and Western
blotting at 6 h, 2, 3, 4, 6, 8, 10, 12, and 20 days post-injury
(dpi) in the retina.

Materials and methods

Surgical procedures

Surgical procedures were performed as described previously
[25]. Briefly, adult male Wistar rats (8–10 weeks old)
(Harlan Winkelmann, Germany) were deeply anesthetized
by an intraperitoneal injection of a mixture of 100 mg/kg
ketamine (CEVA, Germany) and 10 mg/kg xylazine (CEVA,
Germany). The ON was surgically exposed in its intraorbital
segment. An incision was made in the meninges parallel to the
ON in order to separate it from the adjacent central retinal
artery to avoid retinal ischemia. ONC was performed using
specially designed cross-action tweezers (Fine Science Tools,
Germany) for 30 s, always with the same defined pressure.
Sham-operated animals were treated the same way except for
the actual crush. Lens injury was performed by piercing the
lens retrobulbary through the sclera with a 25-gauge needle
until the needle was visible through the front of the eye. After
the surgical procedures, the skin was sutured and covered with
antibiotic ointment. Each animal received only one kind of
treatment (ONC + LI, ONC, sham-operated (SHM) plus LI or
SHM). Control eyes were taken from untreated animals. All
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surgical procedures were performed using a Zeiss OPMI CS
microscope (Zeiss, Jena, Germany). Animals were treated
according to the Principles of Laboratory Animal Care (NIH
publication No. 85–23, revised 1985), the OPRR Public
Health Service Policy on the Human Care and Use of
Laboratory Animals (revised 1986) and the German animal
protection law (Research permission AK7/07 to P.H. and S.S.)

Immunohistochemistry

For nine time points (6 h, 2, 3, 4, 6, 8, 10, 12, and 20 days
post-injury), two treatments were conducted: ONC plus LI
and ONC without LI. Additional untreated animals served
as controls. Animals SHM + LI, SHM without LI, and LI
alone were killed at day 8 post-injury. Eyes were
immediately prepared and frozen in Tissue-Tek O.C.T.
(Sakura Finetek, Germany) in liquid nitrogen. Frozen
sections were longitudinally cut (10–12 μm) on a cryostat
(Leica CM 1900, Germany), thaw-mounted onto glass slides
(Superfrost plus, R.Langenbrinck Labor- und Medizintechnik,
Germany) and stored at −30°C until further use. Immunostain-
ing was performed using standard procedures and described
previously [25]. In double-labeling experiments, sections
were labeled with antibodies against RGMA or neogenin
together with one of the following antibodies: CD68, CD11b,
CD45RC, GFAP, neurofilament, CD31, and anti-laminin.
Details are listed in Table 1.

Secondary antibodies included anti-mouse IgG, anti-
rabbit IgG, and anti-goat IgG antibodies conjugated to
Alexa Fluor 488 and Cy3. Details are listed in Table 2. To
stain nuclei, some sections were further incubated in a solution
containing 0.2 μg/ml 4´,6-diamidino-2-phenylindol (DAPI)
for 1 min. Stained sections were embedded in FluorSave
(Calbiochem, Germany) and imaged using a fluorescent
microscope (Axioplan2 imaging®, Zeiss, Germany, with the
Openlab software, Improvision, Germany). In total, 56 eyes
were used for immunostaining. Between two and four eyes

per time point after ONC +/− LI were examined. All double
(triple) stainings were always performed with control sections
lacking the first antibodies (negative control) that showed no
signal. Representative pictures of negative controls are shown
in Fig. 1l and 5g.

Western blotting

To obtain samples for the eight intended time points (6 h, 2,
4, 6, 8, 10, 12, and 20 days post-injury), four treatments
were conducted: ONC plus LI, ONC without LI, SHM plus
LI, and SHM without LI. Additional untreated animals
served as controls. For the ONC animals, four retinae per
time-point were taken, and for the SHM-operated animals,
two retinae per time-point. Always two retinae were
pooled. Western blots and quantification protocols were
performed as previously described [25, 34]. Tissues were
homogenized with a Dounce homogenizer (Carl Roth,
Germany) in RIPA buffer (50 mM Tris-Hcl, pH 8;
150 mM NaCl; 1% NP-40; 0,1% SDS; 1:100 Protease
inhibitor cocktail Set III, Calbiochem, Germany) and spun
at 3,200 rpm for 2 min at 4°C. The supernatant was
removed and frozen in liquid nitrogen and stored at −30°C
for further use. All work was performed on ice. Concen-
trations of total protein were determined using a Bradford
assay (Bio-Rad Protein Assay, Bio-Rad, Germany) follow-
ing the manufacturer’s protocol.

Equal amounts of protein (10 μg) were loaded onto 12%
SDS gels, followed by transfer to nitrocellulose membranes
(Whatman® Protran®, Whatman, Germany). Membranes
were incubated in 2% BSA for 1 h at room temperature,
followed by incubationwith primary antibody overnight at 4°C
(actin-antibody 1 h). The same blots were stained unstripped in
this order: anti-RGMA, anti-neogenin, and anti-actin. Concen-
trations of the primary antibodies were: anti-RGMA: 1:1000,
anti-neogenin 1:1000 (both: R&D Systems, Germany), anti-
actin: 1:10 000 (Chemicon, Temecula, CA, USA). Secondary

Table 1 Antigen, source, and dilution of the primary antibodies used for immunostaining

Antigen or kind of cell Antibody (ab) Source Catalog no. Dilution

RGMA RGMA polyclonal ab R&D Systems, Germany AF2458 1:60

Neogenin Neogenin polyclonal ab AF1079 1:200

RGC/axons/nerve fibers Neurofilament 200 phosphorylated and
non-phosphorylated monoclonal ab (mNF)

Sigma, Germany N0142 1:300

Microglia, macrophages, dendritic
cells, granulocytes

CD11b (OX42) monoclonal ab AbD Serotec, Germany MCA275R 1:500

Lymphocytes CD45RC (OX22) monoclonal ab MCA53R 1:500

Astrocytes/activated Müller cells Glial fibrillary acidic protein (GFAP)
polyclonal ab

Dako-Cytomation, Germany Z0334 1:7000

Basal laminae and the glia limitans
externa

Anti-laminin polyclonal ab BD Pharmigen, Germany Z0097 1:100

Endothelial cells, platelets and
subsets of leukocytes

CD31 (PECAM-1) monoclonal ab 555025 1:100
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antibodies were applied for 1 h at room temperature:
peroxidase-conjugated rabbit anti-goat IgG 1:40 000 for
RGMA and 1:50000 for neogenin (Calbiochem, Germany)
and peroxidase-conjugated goat anti-mouse IgG; 1:100000
(Calbiochem, Germany). All antibodies were diluted in block-
ing solution. Chemiluminescence was detected using the ECL
chemiluminescence system (Pierce/Thermo Fisher Scientific,
Germany), followed by exposure of the membranes to X-ray
films (GE Healthcare, Germany). Protein ratios were calcu-
lated based on densitometrical quantification of scanned films
using ImageJ (http://rsb.info.nih.gov/ij/), with a minimum of
three measurements per protein. RGMA and neogenin
protein levels were normalized to actin levels and to levels
of a control animal sample, considering error propagation of
the standard deviations, also in further normalizations to
SHM animals. Significances of the differences between
the values were calculated using a t test. To exclude
technical artefacts, we performed the experiments for the
ONC and ONC + LI treatments with a second set of
animals. Isotypic IgG controls were performed showing
no binding to any band detected with the RGMA or
neogenin antibody (Supplemental data 1a and 2a). Non-
specific binding of the second antibody was excluded
(supplemental data 1b and 2b).

Results

RGMA in the rat retina

RGMA and retinal ganglion cells and nerve fibers

Independent of the treatment, RGMA was localized in the
nuclear layers (NLs), the plexiform layers (PLs), the nerve
fiber layer (NFL), and in retinal ganglion cells (RGC)
(Fig. 1a–k). In the LI animals, RGMA staining was fainter
in the inner plexiform layer compared to the crushed or
SHM only animals (Fig. 1a vs. b and f vs. g). A high
amount of RGMA was found on the outer side of the ONL
(Fig. 1c) and on the inner side of the INL (Fig. 1d) in all
retinae. Nerve fibers are always RGMA+ (Fig. 1a-k).
However, the amount of RGCs decreases with ongoing
time after the crush, and also lesser nerve fibers are present
(Fig. 1a, i, k). However, in ONC + LI animals, many

RGMA+ RGCs survive the optic nerve crush (Fig. 1i vs. j).
Twenty days post-crush only RGMA+ cells, which are not
RGCs, are present in the area where formerly RGC were
situated (Fig. 1k).

RGMA and microglia

Retinae from crushed optic nerves displayed a high amount
of enlarged CD11b+ microglia (Fig. 2a), whereas almost no
activated microglial cells were found in control or SHM
animals (Fig. 2b). In the retinae of ONC + LI animals,
fewer CD11b+ microglial cells were found than in ONC
only animals, but more than in SHM or control animals
(data not shown). Many but not all microglial cells are
RGMA+ (Fig. 2c). RGMA+ cells that are present in the
GCL 20 days after ONC are often RGMA+ microglia
(Fig. 2c).

RGMA and astrocytes/Müller cells

After ONC (Fig. 3a, b) or ONC + LI (data not shown), a
higher GFAP expression can be seen by Müller cells and
astrocytes compared to SHM (Fig. 3c) or control animals
(data not shown), where only astrocytes are GFAP+. All
investigated astrocytes were RGMA+ (Fig. 3a–c). Indeed,
the DAPI staining allows us to differentiate between the
end-feet of the Müller cells and the cell bodies of the
astrocytes located in the GCL (Fig. 3b). Based on these
results, it can be concluded that, besides the aforementioned
microglia, astrocytes also belong to the population of the
RGMA+ cells found in the former ganglion cell layer of
late crushed rat retinae, e.g., 12 or 20 days after crush
(Fig. 1i, k).

RGMA and blood vessels or lymphocytes

Retinal blood vessels were RGMA+ (data not shown). No
lymphocytes invading the retina were found (data not
shown).

Quantification of RGMA in the retina

Three secreted or truncated isoforms of RGMA were
present in Western blots: A ∼43-kDa, a ∼35-kDa, and a

Table 2 Antigen, source, and dilution of the secondary antibodies used for immunostaining

With primary ab Antibody (ab) Source Catalog no. Dilution

RGMA, Neogenin Cy3 conjugated donkey anti-goat IgG Dianova, Germany 705-165-147 1:2000

CD11b, CD45RC, mNF, CD31 Alexa488 conjugated Donkey anti-mouse IgG Invitrogen, Germany A21202 1:1000

GFAP, laminin Alexa488 conjugated donkey anti-rabbit IgG A21206 1:2000
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Fig. 1 Representative images of RGMA (red) and neurofilament
(green) staining in the retina. a–k RGMAwas found in the nerve fiber
layer (NFL), the ganglion cell layer (GCL), the inner and outer
plexiform layers (IPL and OPL), and in the inner and outer nuclear
layers (INL and ONL) in all investigated retinae independent of the
treatment. a Retina shows the typical RGMA pattern 3 days after
crush: Both plexiform layers show a very high amount of RGMA. In
the PLs, RGMA is ubiquitous, whereas RGMA is restricted to the
membranes of the cells in the NLs. a–d, f, g At all investigated stages,
RGMA is more highly expressed on the inner side of the INL and the
outer side of the ONL (arrows). b The same can be seen in a retina
3 days after ONC + LI, except for the IPL where RGMA
immunoreactivity is a little bit weaker. e Retinal ganglion cells
(arrowhead) and nerve fibers (+) are always RGMA+. The amount of
RGMA is higher in the nerve fibers than in the RGC. They can easily
be identified by their morphology, the amount of RGMA and DAPI
staining (in blue, most right picture). f In the SHM + LI animals,

RGMA+ RGCs (arrowhead) and nerve fibers (+) are visible. g The
sham-operated animals show no differences in the general RGMA
pattern compared to the operated animals except for the NFL, GCL,
and the amount of RGCs (arrowhead). h–k Compared to the SHM +
LI operated animals, the loss of RGC and nerve fibers is obvious in
the retina 12 days post-crush, and since RGC are RGMA+, also a
decrease in the number of RGMA+ cells is visible, whereas in the
ONC + LI animal more RGCs (arrowheads) and nerve fibers (+) are
present. Twenty days post crush, no RGCs are visible, and only a few
left over nerve fibers (+). Nevertheless, there are still RGMA+ cells
beneath the NFL. Most of them are astrocytes and microglia as shown
in the other figures (Figs. 2c and 3b). l The negative control of the
double staining showed no RGMA or neurofilament signal. In this and
in the following immunohistochemical images, the treatment and
time-points are indicated in the lower right corner of every image.
Please note that for a clearer image representation the DAPI staining
was only included when it was useful for better understanding
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∼27-kDa band (Fig. 4a). Several more bands were found in
the lower molecular mass range beyond the ∼27-kDa band
in animals with LI independent of the crush (Fig. 4a). We
assume that these additional bands could be the result of
further cleavage of RGMA caused directly or indirectly by
LI. We quantified the blots to see differences with different
settings: one set of measurements was performed with the
three RGMA bands described and the other set with the
three bands including the cleavage products. Normalization
to actin (Fig. 4b) and the untreated control (Fig. 4a) placed
on every blot showed no significant differences in seven
out of eight time-points measured with the cleavage
products (indicated by the first black box in Fig. 4a) and
six out of eight time-points measured without the cleavage

products (indicated by the second black box in Fig. 4a)
between the SHM, SHM + LI, and ONC animals (data not
shown). The amount of RGMA in ONC + LI animals,
however, was significantly higher from 6 h to 6 days and
20 days post-crush (including cleavage products) but only
significant higher at time points 6 h, 4, 10, and 20 days post
crush, when measurements were performed without the
cleavage products (data not shown). Further normalization
to the corresponding SHM confirmed the results: The first
set of measurements (including potential cleavage products)
showed that the amount of RGMA is almost always higher
in the ONC + LI animals (except for the 12 days after ONC
animals) (Fig. 4c). The second set of measurements
performed without the cleavage products revealed that the

Fig. 3 Representative images of RGMA (red) and GFAP (green)
staining in the rat retina. a After ONC or ONC + LI, a GFAP-up-
regulation can be observed in the retina, in particular by the Müller cells.
(b and inserts) RGMA+, GFAP+ and DAPI+ (blue) stained cells in the
GCL/NFL are astrocytes (arrow). Other RGMA+ and DAPI+ but not
GFAP+ cells are visible close to the astrocytes (arrowhead). These are
probably RGCs or microglial cells. Not DAPI-stained, but RGMA+ and

GFAP+ tissue are the end-feet of Müller cells or the processes of
astrocytes. c In the SHM animals, GFAP is not up-regulated in the
Müller cells and astrocytes are weaker RGMA+ and GFAP+. The
treatment and time-points are stated in the lower right corner of every
image. Please note that for a clearer image representation, the DAPI
staining was only included when it was useful for better understanding

Fig. 2 Representative images of RGMA (red) and CD11b (green)
staining in the retina (a). Eight days post-ONC, animals have a lot of
activated microglia in their retina, especially near the RGCs, whereas
they are absent in the SHM animals (b). c Images of CD11b and
RGMA staining and the overlay show a clear co-localization of

CD11b and RGMA at the membrane of a microglial cell (arrow).
Other RGMA+ but not CD11b+ cells are also visible (arrowhead).
The treatment and time-points are stated in the lower right corner of
every image
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amount of RGMA is always higher in the ONC + LI
animals compared to the ONC animals (Fig. 4d).

Neogenin in the rat retina

Neogenin and retinal ganglion cells and nerve fibers

The neogenin protein pattern was congruent to the RGMA
pattern independent of the treatment (Fig. 5). Even the
higher presence at the inner INL and outer ONL was
congruent (Fig. 5a, b, f). In Fig. 5c–e, cross-sectioned nerve
fiber bundles (marked by a +) are visible with strong NF
and a clear neogenin immunoreactivity, whereas the RGCs
show no staining of the soma (arrowhead).

Quantification of neogenin in the retina

Two isoforms of approximately 180 and 190-kDa were
found (Fig. 6a). The measurements of the neogenin blots
were also normalized to actin (Fig. 6b) and a control animal
placed on every blot (Fig. 6a, b). The amount of neogenin
varied between 50 and 150% of the control animals for all
treatments, except for five time points: neogenin was
considerably lowered at 6 h after ONC, whereas it was
higher than average at the time points 6 h ONC + LI, 2 days
ONC, 4 days ONC + LI, and 20 days ONC + LI (data not
shown). Normalization to the corresponding SHM showed
a significant higher amount of neogenin in the ONC
animals at time points 6 h (ONC 40%, ONC + LI 140%;

Fig. 4 Western blots and quantification of RGMA in the retina. a
Western Blots show several RGMA isoforms, a ∼43-kDa, a ∼35-kDa,
and a ∼27-kDa isoform. The proprotein was not found at any stage
observed. Several additional bands are visible beneath the 27-kDa
band, only in LI animals independent of crush. These bands are
probably the result of degradation of RGMA caused by LI. The first
black frame indicates the area that was quantified including the
cleavage products and the second frame the area that was quantified
without the cleavage products. b The similar actin bands demonstrate
an equal loading of the gel. The black frame indicates the area that
was quantified for normalization. c The three RGMA bands and the
potential cleavage products were quantified and normalized to the

corresponding actin band and the control animals band “C” located on
each blot and further to the corresponding SHM (ONC + LI to SHM +
LI and ONC to SHM). An increase of RGMA in the ONC + LI retina
from 6 h post-crush to 6 days post-crush can be seen, whereas a
decrease is obvious afterwards. The amount of RGMA in ONC + LI
animals remained higher than in ONC animals (except for 12 days post-
crush). d The same normalization without the cleavage products showed
an amount of RGMA that was always higher in the ONC + LI animals
compared to the ONC only animals. The error bar represents standard
deviation. p values are indicated as follows: * p<0.05, ** p<0.01,
*** p<0.001
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p<0.001), 2 days (ONC 310%, ONC + LI 55%; p<0.001),
8 days (ONC 155%, ONC+LI 90%; p<0.001), 20 days
(ONC 200%, ONC + LI 290%; p<0.001). At days 4
(p<0.05), 6 (p<0.01) and 10 (p<0.01), the amount of
neogenin in ONC + LI animals was significantly higher
than in ONC (Fig.6c).

Discussion

We studied differences in the protein patterns of RGMA in
the regenerating (ONC + LI) vs. the non-regenerating
(ONC) model. In the retina, astrocytes, microglial cells,
blood vessels, nerve fibers, RGC and cells of the NLs with
their processes in the PLs were found to be RGMA+. Outer
and inner segments of photoreceptors were never RGMA+.
Upregulation of GFAP including an activation of the Müller
cells in the retina after LI or optic nerve trauma has been
reported by many groups [33, 35–40]. Furthermore, it has
been reported that LI-induced upregulation of astrocyte-
derived CNTF switches RGC into a regenerative state [41].
Microglia is naturally present in both the retina and the
optic nerve and may become activated under several
circumstances [42–45].

A persistent presence of RGMA in the CNS of mature
animals unaffected by injuries or chronic diseases has been
reported by several authors [28, 46]. Schwab et al.
investigated the RGMA protein pattern after SCI in rats
and after traumatic brain injury/focal cerebral ischemia in
humans [21, 24]. In untreated control animals, RGMA was
co-localized to myelin fibera and oligodendrocytes [21]. In
the healthy adult human brain, RGMA was located on the
perikarya of some neurons, choroid plexus, smooth muscle
of the vasculature, endothelial cells, and on oligodendro-
cytes and white matter fiber tracts [24]. In SCI animals,
RGMA+ cells and structures were microglia/macrophages,
components of the developing scar, astrocytes, neurons,
fibroblasts, axonal-like bulbs, neo-laminae, smooth muscle/
endothelial cells, etc., but not lymphocytes [21]. RGMA
accumulated in the infarct core, peri-infarctional areas of
the penumbra, and hemorrhagic areas of focal cerebral
ischemia patients or lesion site, mature scar, or glial scar of
traumatic brain injury patients. Lesion-associated cellular
RGMA staining was confined to neurons, a few reactive
astrocytes, invading leukocytes (granulocytes, monocytes,
lymphocytes), and blood vessels [24].

�Fig. 5 Representative images of neogenin (red) and neurofilament
(green) in the rat retina. a–f Neogenin was found in the nerve fiber
layer (NFL), the ganglion cell layer (GCL), the inner and outer
plexiform layers (IPL and OPL), and in the inner and outer nuclear
layers (INL and ONL) in all investigated retinae independent of the
treatment. The neogenin pattern is congruent with the RGMA pattern
at all stages investigated, including the higher amount at the edges of
the nuclear layers (arrows). c–f The RGCs (arrowheads), however, are
never neogenin+. Nerve fiber bundles (+) show a clear neogenin
immunoreactivity. g The negative control of the double staining
showed no signal. The treatment and time-points are stated in the
lower right corner of every image. Please note that for a clearer image
representation, the DAPI staining was only included when it was
useful for better understanding
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Inhibition of RGMA in rats after SCI enhanced growth
of injured axons, promoted functional recovery [22], and
induced synaptic rearrangements of spared axonal projec-
tions [23]. Thus, re-expression of embryonic repulsive cues
in adult tissues contributes to a failure of axon regeneration
in the central nervous system [47].

We localized RGMA at the crush site immediately after
ONC alone, and RGMA remained present from there on,
whereas it was always absent in the ONC + LI animals
[25]. In all investigated groups (including control and sham
animals), many cells were found to be RGMA+ in the ON:
nerve fibers, blood vessel endothelial cells, astrocytes,

oligodendrocytes, some microglial cells, and the shaft of
the optic nerve. Neogenin was never found at the crush site.
Nerve fibers were faintly to strongly neogenin+.

The RGMA and neogenin protein patterns found in the
rat retina are comparable to the results reported in a
previous publication of our group, in which we analyzed
the RNA expression patterns of RGMA and neogenin in
DBA/2J and C57BL/6J mice by in-situ hybridization [26].
We found RNA expression of RGMA and neogenin in the
ganglion cell layer (GCL), in the inner nuclear layer (INL),
the outer nuclear layer (ONL), and in the ON. In addition to
these layers, both proteins were also found in the plexiform

Fig. 6 Western blots and quantification of neogenin in the retina. a
Western blots showed two isoforms, a 180-kDa and a 190-kDa
isoform (Fig. 6a). The black frame indicates the area that was
quantified. b Actin bands demonstrate an equal loading. The black
frame indicates the area that was quantified for normalization. c The
two neogenin bands were quantified and normalized to their

corresponding actin band and the control animals band “C” located
on each blot and further to the corresponding SHM (ONC + LI to
SHM + LI and ONC to SHM). Significant differences were observed
in seven out of eight time points. Error bar represents standard
deviation. p values are indicated as follows: * p<0.05, ** p<0.01,
*** p<0.001

Graefes Arch Clin Exp Ophthalmol (2012) 250:39–50 47



layers in our rat model because the proteins are distributed
into the cell processes in contrast to the RNA, which was
restricted to the soma. Here, also no RGMA or neogenin
protein was found in the inner and outer segments of the
photoreceptors. The higher expression/amount of RGMA
observed in the inner INL and outer ONL (see arrows in
Fig. 1, in particular c, d) was also present in both investigated
mouse strains [26].

The neogenin pattern in our ONC, ONC + LI, SHM or
SHM + LI-operated animals was unchanged compared to
the pattern of untreated animals in a recent publication [30].
Koeberle et al. reported a clear staining of RGC somata and
a weak staining of nerve fibers. Unfortunately, we can
neither in our picture nor in their publication see a positive
staining of RGCs in retina sections, especially as they did
not perform double staining to identify RGCs or nerve
fibers. We clearly saw a definite co-staining of neogenin
and nerve fibers in the retina (Fig. 5) and in the optic nerve
[25]. However, we cannot exclude that the membranes of
the RGCs were neogenin+ as it is not possible to
distinguish this staining from the general staining in the
GCL or IPL. The somata were not clearly neogenin+. In
contrast, Koeberle et al. showed a double staining of RGCs/
neogenin and nerve fibers/neogenin in their in-vitro data.
This discrepancy cannot be explained. Regarding the
Western blots, several interesting effects have been ob-
served: RGMA degradation, cleavage, truncation, or secre-
tion in the retina occur after LI independent of a crush.
Since the antibody used in our study is polyclonal and no
band was missing in the Western blot of ONC + LI animal’s
samples, it is not clear which form of RGMA is cleaved
into fragments. We did not observe these cleaved forms of
RGMA found in the retina’s Western blots of this study in
the ON’s Western blots in our previous study [25].

Western blots lacking the first antibody and blots with an
isotypic control never showed these cleavage products
(Supplemental data 1a, b). Furthermore, we completely redid
the experiments for the ONC and ONC + LI treatments with
different animals, and the same effects occurred (data not
shown). Moreover, database searches with the sequences of
the protein the RGMA antibody were generated against, did
not reveal any potential binding to any other proteins present
in the eye. Therefore, we exclude technical artefacts as a
reason for the occurrence of cleavage products.

Studies in the direction of targeting either the N-terminal
or the C-terminal part or the (pro-)protein are necessary to
evaluate any possible effect of RGMA degradation.

Cleaved, truncated, and soluble isoforms, as well as the
proprotein of RGMs, have been reported in several studies
under different conditions and with different species and
models [27, 48–52], whereas Western blots of cell culture
and/or after PI-PLC digest showed only the cleaved
isoform, e.g., [17, 22, 53].

The data in this study and our recently published study
[25] suggest opposing effects of RGMA in the retina and
the optic nerve. The growth-inhibiting effects have been
discussed before. Since 2004, several publications have
described anti-apoptotic effects of RGMA, or, to be more
precise, a pro-apoptotic effect of the receptor neogenin [29,
30, 54, 55]. In summary, this and our previous study
corroborate these findings. Several results from the literature
and our data seem to be contradictory, however, this is not
the case: on the one hand, RGMA has an influence on the
growth cones, and on the other side on cell somata [20–22,
25, 29, 30, 51, 54–57].

Interestingly, opposing effects in the optic nerve (growth
inhibition) vs. the retina (growth promotion) were also
shown for the repulsive molecule Nogo [58, 59].

The two neogenin isoforms are in accordance with the
literature mentioning a 190-kDa isoform and a “shorter
form” [60]. The huge differences between the neogenin
levels in the first 48 h between ONC +/− LI in the Western
blots may be a sign for the different processes affecting
neogenin after crush and LI: The expression of neogenin in
growth cones has been reported for several in vitro and in
vivo systems [56, 61]. Therefore, a change in the neogenin
expression could occur due to the initiation of growth cone
regrowth, which normally secretes a small amount of
neogenin. This effect may be altered by the death of their
RGC somata. Moreover, it might be speculated that the
high neogenin value measured 48 h after crush in ONC
animals might be associated with the previously mentioned
induction of apoptosis via neogenin.

Furthermore, neogenin was reported to be regulated by
Pax6 [62]. Although it has not been reported that Pax6 is
influenced by LI, it can be assumed that Pax6 as a key
factor in lens development [62, 63] may also be influenced
by LI. The influence on Pax6 would then change the
neogenin expression, which could also have an impact on
RGMA.

Our results indicate that the RGMA protein pattern is
altered in the regenerating vs. the non-regenerating model,
although the changes in the spatial pattern seem to be
restricted to the RGC layer. The results of the Western blots
show a clear upregulation of RGMA in the regenerating
model vs. the non-regenerating model and therefore
contribute to the several publications that RGMA has a
potential neuroprotective/anti-apoptotic function. Further
experiments should be performed to define the fragments,
into which RGMA is cleaved, and the mechanisms of
cleavage.
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