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Abstract The distribution pattern of NOGO-A protein,
an important axon growth inhibitory molecule and
member of the reticulon family, has been investigated in
the adult human brain, spinal cord, retina and dorsal
root ganglia. Intense NOGO-A immunoreactivity was
detected in oligodendroglial cell bodies and their myelin
sheaths in nerve fibre tracts of the central nervous sys-
tem. Furthermore, numerous populations of neurons in
the brain and spinal cord expressed NOGO-A to a
variable extent in their cell bodies and neurites, sug-
gesting additional, as-yet-unknown, functions of this
protein.
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Introduction

In the mammalian peripheral nervous system (PNS),
lesioned nerve fibres have the capacity for extensive
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regeneration followed by functional recovery. However,
damaged nerve fibres in the central nervous system
(CNS) normally demonstrate an abortive sprouting re-
sponse without any significant regeneration. Numerous
investigations have indicated a range of post-traumatic
events that contribute to the lack of axonal regeneration
in the lesioned CNS, including glial scar formation, a
lack of trophic support and the presence of growth-
inhibitory molecules [15]. The latter comprise extracel-
lular matrix proteins such as semaphorin 3A [11],
chondroitin sulphate proteoglycans (CSPG) [1] and
myelin-associated proteins such as NOGO-A, myelin
associated glycoprotein (MAG) and oligodendrocyte
myelin glycoprotein (OMgp) [7, 16, 17, 18].

NOGO-A belongs to the reticulon gene family, an
eucaryotic family with a broad expression pattern but,
as yet, unknown function [9]. The protein has been
identified as an important negative regulator of regen-
eration and plasticity within the adult mammalian CNS
[2, 3, 6, 12, 13, 16, 17].

In rats and mice, NOGO-A mRNA and protein are
found mainly in oligodendrocytes but also in various
populations of neurons throughout the nervous system
[4, 19]. Neuronal expression is pronounced during
development and lower in the adult nervous system. In
the human nervous system, the distribution of NOGO-A
has only been determined in the spinal cord at the level
of mRNA [5]. To provide a more comprehensive
description of the distribution of NOGO-A, we have
investigated the expression of NOGO-A protein in the
human nervous system.

Material and methods

Post-mortem brain and spinal cord samples were ob-
tained from five patients who had not suffered from any
neurological disorder (for details see Table 1). The study
was approved by the Aachen University Ethics Com-
mittee. The tissue was fixed in 4% buffered formalde-
hyde, dehydrated and embedded in paraffin wax.
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Table 1 Clinical data on patients (inf. infarct)

Sex Age (years) Cause of death No. of blocks
1 Male 61 Aspiration 10
2 Male 50 Myocardial inf. 10
3 Male 47 Pneumonia 10
4 Female 62 Breast cancer 10
5 Male 83 Myocardial inf. 10

Western blotting

Human frontal cortex homogenate (50 ng) was loaded on
a 8% (w/v) SDS-polyacrylamide gel. Following electro-
phoresis, the separated proteins were transferred to a
PVDF membrane in a semi-dry blotter for 2 h at 1 mA/
cm?. Membranes were blocked overnight at 4°C in PBS-T
containing 5% de-fatted milk powder. The monoclonal
antibody 3A6 was generated against a peptide sequence of
human NOGO-A; the monoclonal antibody 11C7 was
generated against a rat peptide sequence [10]. Both anti-
bodies were used as purified IgG at a concentration of
1 nM/1 overnight at 4°C. Furthermore, on lane 2 and 4
excess NOGO-A antigenic peptide was added to the pri-
mary antibody solution prior to incubation with the
proteins on the PVDF membrane. Subsequently, the
horseradish peroxidase (HRP)-conjugated anti-mouse
secondary antibody (diluted 1:15,000, Pierce) was incu-
bated for 1 h at room temperature. The blot was incu-
bated with enhanced chemiluminescence (ECL) substrate
(Pierce) and exposed to a Kodak film.

Peroxidase immunohistochemistry

Sections of 5-pm thickness were collected onto poly-L-
lysine-coated slides and allowed to dry. They were de-
waxed in xylene and rehydrated. Endogenous peroxidase
activity was blocked by incubation in 0.1 M phosphate-
buffered saline (PBS) containing 0.7% H,O, for 30 min.
Microwave treatment in 10 mM citrate buffer (pH 6),
three times for 3 min, was followed by blockade of non-
specific binding by incubation in 3% normal goat serum
in 0.5% Triton X-100 diluted in 0.1 M PBS for 30 min
and subsequent incubation with the primary antibody,
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Fig. 1 Western blot of human brain homogenate with 3A6 and
11C7. Western blot with human frontal cortex homogenate
demonstrates specific high-affinity binding of the 3A6 (lane 1)
and the 11C7 (lane 3) antibodies to human NOGO-A protein. Co-
incubation with NOGO-A specific antigenic peptide completely
abolishes the signal (lane 2 and 4). The + and — symbols reflect the
preincubation of the NOGO-A antibodies with antigenic peptide or
control buffer, respectively

overnight at room temperature. Following extensive
rinsing steps in 0.1 M PBS, sections were incubated in
biotinylated horse anti-mouse antibody (diluted 1:500,
Vector Laboratories) for 1 h at room temperature. As
described earlier, incubation with the biotinylated sec-
ondary antibody was followed by the Vector ABC sys-
tem and a subsequent incubation in diaminobenzidine
for visualization of the reaction product [14]. For neg-
ative controls the primary antibody was omitted.

For a qualitative description of the relative intensity
of immunoreactivity revealed in the various populations
of labelled neurons and in oligodendrocytes, an arbi-
trary rating scale for the mean staining intensity of the
labelled profiles was chosen, ranging from 0 to 5 (0, no
staining; 1, very weak staining, hardly above back-
ground level; 2, weak staining; 3, moderate intensity; 4,
strong staining; 5, most intense staining).

Immunofluorescence

Sections were de-waxed in xylene and rehydrated.
Microwave treatment in 10 mM citrate buffer (pH 6),

Table 2 Expression pattern of NOGO-A in the brain and spinal
cord. The qualitative estimation of staining intensity is shown
ranging from 0 (negative) to 5 (intense)

Organ NOGO-A
immunoreactivity
Spinal cord
Oligodendrocytes 4-5
Astrocytes
Microglia -
Motor neurons 3—4 (partially granular)
Interneurons 34
Dorsal root ganglia
Sensory neurons 4-5
Satellite cells
Schwann cells -
Cerebral cortex
Layer I -
Layer I1/I11 1-2
Layer IV -
Layer V/VI 1-2
Oligodendrocytes 4-5
Hippocampus
CAl-4 1-2 (granular)
Fascia dentata -
Oligodendrocytes 4-5
Cerebellum
Granule cell layer 2-3
Purkinje cells -
Molecular layer 2-3
Deep cerebellar nuclei -
Oligodendrocytes 4-5
Brain stem
Substantia nigra -
Red nucleus 34
Inferior olive 34
Oligodendrocytes 4-5
Astrocytes -
Microglia -
Retina
Retinal ganglion cells 4-5
Inner and outer nuclear layer 34




Fig. 2 NOGO-A expression in
neurons. A In the cerebral
cortex, NOGO-A
immunohistochemistry displays
pyramidal cells mainly in layers
III and V. B The retina shows
immunopositive cells in the
ganglion cell (arrow)- (a) and
the inner- (b) and outer- (c)
nuclear layers; retinal ganglion
cells display strongest
immunoreactivity. In the
cerebellum (C), only some ;
Purkinje cells contain detectable
amounts of NOGO-A. In the
molecular (left) and granule cell
(right) layers, cells are rarely

stained (arrow) which might
represent Golgi neurons or

basket cells. D In the inferior

olive, all neurons display strong
immunoreactivity for NOGO-A

in the their cell body. E In

pyramidal cells of the CA1-4

region of the hippocampus,
NOGO-A labelling is granular

and spread over the cell body.

F In the spinal cord, many . 2 ' :
motor neurons show NOGO-A . ¥ x
labelling, often with several
granules spread throughout the
cytosol. G All neurons of the
dorsal root ganglia display
intense, often homogenous
immunoreactivity in the cell
bodies, the nucleus is devoid of
staining. Original magnification
A see scale bar; B-E see scale
bar in B and D; F, G x640

three times for 3 min, was followed by blockade of non-
specific binding by incubation in 3% normal goat serum in
0.5% Triton X-100 in 0.1 M PBS for 30 min and sub-
sequent incubation overnight at room temperature with
the anti-NOGO-A antibody and one of the following
polyclonal primary antibodies: anti-glial fibrillary acidic
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500 pm

protein (GFAP; diluted 1:2,500, code Z-0334, Dako),
anti-neurofilament (NF; 200 kDa, diluted 1:2,500, N-
4142, Sigma), anti-myelin basic protein (MBP; diluted
1:1,000, Ab980, Chemicon), anti-synaptophysin (diluted
1:1,000, A0010, Dako) and subsequently with Alexa 594
(red-fluorescence)-conjugated goat anti-mouse and Alexa



116

488 (green fluorescence)-conjugated goat anti-rabbit sec-
ondary antibodies (diluted 1:500, Molecular Probes). For
negative controls, the primary antibodies were omitted.

For NOGO-A and CNPase double staining, we used
the tyramide signal amplification kit (TSA Cyanine 3
system, NEL704A, Perkin-Elmer Life Sciences). Briefly,
the sections were incubated with the anti-NOGO-A
antibody at a concentration of 1 pg/ml overnight.
Incubation with a biotinylated horse anti-mouse anti-
body (1:500, BA2000, Vector) for 1 h, rinsing in 0.05%
Tween20 and blocking with the provided reagent for
30 min was followed by incubation with TSA Cyanine 3
(1:50) for 7 min. Next, the slides were incubated with the
anti-CNPase primary antibody (1:200, SMI91, Stern-
berger Monoclonals) overnight and a Cy 2-conjugated
goat anti-mouse secondary antibody (1:100, Jackson
Laboratories) for 3 h at room temperature and finally
cover-slipped with 50% glycerine.

Sections were then examined by standard epifluores-
cence with a Zeiss Axioplan microscope or by confocal
microscopy with a Zeiss inverted microscope fitted with
a Bio-Rad MRC1024 laser scanning imaging system. An
argon-krypton laser beam was used with excitation at
488 nm for Cy2 visualisation and at 586 nm for Cy3
visualisation. Single confocal plane images (786x512
pixels) were collected with the laser in slow scanning
mode with Kalman filtering.

Results

The 3A6 and the 11C7 antibody, both generated against
a NOGO-A peptide sequence, specifically bind human
NOGO-A with high affinity (Fig. 1). An overview of the
distribution of NOGO-A protein can be seen in Table 2.
A more detailed description is presented below. Since
both 3A6 and 11C7 antibodies showed a comparable
expression pattern, the data presented are those gener-
ated by the 11C7 antibody.

Cerebral cortex

In the cerebral cortex, the intensity of NOGO-A staining
was generally moderate (rating scale 2-3). Approxi-
mately 50-60% of large diameter pyramidal neurons
located in layer III and V displayed NOGO-A staining
(Fig. 2A). In layers I/II, IV and VI fewer neurons
(approximately 10%) demonstrated NOGO-A immu-
noreactivity. In the ventricular system, NOGO-A
immunoreactivity was neither detected in ependymal
cells nor in the choroid plexus. Furthermore, meningo-
thelial cells and blood vessels were also NOGO-A im-
munonegative (rating scale 0).

Hippocampus

In the hippocampus, NOGO-A immunoreactivity was
restricted to all pyramidal cell bodies of the CAl1-4

>

Fig. 3 NOGO-A expression in oligodendrocytes. A In the brain
and spinal cord, oligodendrocytic cell bodies (arrows) are strongly
labelled for NOGO-A. In B, double staining with NOGO-A (red)
and neurofilament (green) shows no overlap. Instead, axons are
surrounded by the NOGO-A-positive myelin sheaths. C Double
staining with GFAP (green) reveals no NOGO-A staining in
astrocytic cell bodies or processes; sometimes the distribution on
the inner and outer myelin membrane can be differentiated (arrow).
D Confocal microscopy of double staining with MBP (red) shows
no overlap in compact myelin which demonstrates that NOGO-A
(green) is not associated with compact myelin. On some myelin
rings, the distribution of NOGO-A on the inner and outer myelin
membrane can be differentiated (arrows). E-G Double immuno-
fluorescence for NOGO-A (red) and CNPase (green) in spinal cord
white matter demonstrates the presence of NOGO-A in oligoden-
drocytes. H-J Confocal microscopy of double immunofluorescence
for NOGO-A (red) and synaptophysin (green) in spinal cord
ventral horn. Arrows indicate lipofuscin autofluorescence within
motoneurons. There is no overlap of both proteins in synaptic
structures. Original magnification: A x320; B, C x400; D x1,200;
E-J %640

regions (Fig. 2E). The staining intensity was rather weak
(rating scalel-2) and appeared granular, which is in
contrast to the diffuse, moderate intensity of staining
observed in the cell body of most other populations of
neurons. The nuclei of immunoreactive neurons were
devoid of staining. In the white matter, oligodendrocytes
and their myelin sheaths were strongly stained with the
NOGO-A antibody (rating scale 4-5).

Cerebellum

In the cerebellum, granule neurons were NOGO-A neg-
ative (rating scale 0). Less than 1% of Purkinje cells were
moderately stained (rating scale 2-3, not shown) and in
the molecular and granule cell layers, less than 1% of
neuronal cell bodies (possibly Golgi neurons or basket
cells) were immunopositive (rating scale 2-3, arrow,
Fig. 2C). No immunoreactivity was found in the deep
cerebellar nuclei. In the white matter oligodendrocytes
and their myelin sheaths were NGO-A immunoreactive.

Basal ganglia and brain stem

In the brain stem, multiple neuronal populations dis-
played relatively moderate to strong NOGO-A immu-
noreactivity (rating scale 3-4). In Ilabelled cell
populations, which included the inferior olive (e.g.
Fig. 2D) and most long projection neurons (such as the
red nucleus) 80-90% of neurons were immunopositive. In
the substantia nigra, no specific immunoreactivity could
be detected. However, it cannot be discounted that mel-
anin granules within the neuronal cell bodies may have
masked weak staining. In the putamen, pallidum and the
thalamus, approximately 60-70% of neurons, with an
emphasis on neurons with larger cell bodies, were mod-
erately NOGO-A positive (rating scale 2-3). Again, in the
white matter, oligodendrocyte cell bodies and their myelin
sheaths were NOGO-A immunopositive.
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Retina

The retina was strongly immunoreactive for NOGO-A.
Retinal ganglion cells were intensely stained (rating scale
4-5) and more moderate levels (rating scale 3-4) of
staining were detected in the inner and outer molecular
layers (Fig. 2B).

Spinal cord and dorsal root ganglia

The meninges and blood vessels were NOGO-A nega-
tive. In the spinal cord grey matter, about 80% of
motoneurons and Clarke’s nucleus neurons, mostly with
large cell bodies, were moderately to strongly NOGO-A
positive (rating scale 34, e.g. Fig. 2F). Furthermore,
about 10-20% of interneurons, mostly from laminae IV
to VI were immunopositive. Double immunofluores-
cence with an antibody against synaptophysin showed
no overlap of NOGO-A with the synaptic marker
(Fig. 3H-J). The sensory neurons of the dorsal root
ganglia and their neurites revealed a strong, diffuse
immunoreactivity within the cell body (rating scale 4-5),
whereas Schwann cells did not show any specific staining
(Fig. 2G).

In brain and spinal cord white matter, the NOGO-A
antibody stained myelin sheaths as well as oligodendro-
cytic cell bodies (rating scale 4-5, e.g. in spinal cord,
Fig. 3A). In myelin, NOGO-A did not co-localize with
MBP and is therefore not present in compact myelin.
However, the inner and outer myelin membrane
contained detectable levels of NOGO-A (Fig. 3D).
Double immunohistochemistry with an antibody against
CNPase confirmed the oligodendroglial nature of these
NOGO-A-positive cells (Fig. 3E-G). Furthermore,
double staining with the astrocyte-specific marker,
GFAP, revealed no co-localization (Fig. 3C).

Discussion

The present investigation has demonstrated the spatial
distribution of NOGO-A protein in the adult human
nervous system. In agreement with data from rat and
mouse [4, 19], NOGO-A was detected in oligodendrog-
lial cell bodies as well as in the inner and outer mem-
branes of CNS myelin. This is consistent with its
documented function as a myelin-associated neurite
growth inhibitor. Furthermore, as in rodents, NOGO-A
protein was detected in the cell bodies and neurites of a
number of different populations of neurons, suggesting
additional as-yet-unknown functions of the protein.

In the human brain and spinal cord, multiple neu-
ronal populations were labelled. Comparing different
cerebral regions, the brain stem contained by far the
most NOGO-A-positive neurons. Using the arbitrary
five-point scale for the relative intensity of NOGO-A
staining described above (0, no staining to 5, intense
staining), nearly all brain stem nuclei, including the red

nucleus, the inferior olive and many cranial nerve nuclei
were relatively strongly stained (scale 3—4). The neuronal
distribution of NOGO-A in the human spinal cord and
dorsal root ganglia corresponds to that previously de-
scribed on the level of mRNA and to the results in mice
and rats [4, 19]. In the brain, however, differences were
found in the basal ganglia and the cerebellum. In mice,
the substantia nigra was stained for NOGO-A, whereas
we could not find detectable levels in our material. In the
cerebellum, the expression of NOGO-A was generally
lower in the human CNS than has been reported in ei-
ther rat or mouse [4, 19]. Furthermore, granule cells in
mice and the deep cerebellar nuclei in rats were immu-
nopositive. Neither of these cell populations were la-
belled in the present investigation. Nonetheless, in
general, the neuronal distribution of NOGO-A in the
human CNS corresponds well with that already pub-
lished using experimental animals.

NOGO-A belongs to the reticulon family [9]. In
accordance with other members of this protein family,
cell culture experiments on experimentally derived
oligodendrocytic cell bodies demonstrated the localisa-
tion of NOGO-A in the endoplasmic reticulum (ER) and
the Golgi complex [10]. In the present post-mortem
human material, the conditions of fixation and tissue
preparation are sub-optimal when compared to those
employed in experimental investigations, making a
definitive interpretation of the subcellular localisation
within this material extremely difficult. The present data
demonstrate both diffuse and granular immunoreactiv-
ity within the cell cytoplasm (the nucleus being devoid of
staining). The reason(s) for the differences in the quality,
and intensity of staining, as well as for different sub-
populations of neurons being stained remain uncertain.
However, it is tempting to highlight the trend that large
diameter projection neurons with long axons (i.e. those
populations of neurons that require high protein syn-
thesis and transport rates) were those that displayed the
most intense NOGO-A immunoreactivity.

Apart from the cytoplasmic distribution in neurons,
Liu and colleagues [8] found NOGO-A at the post-
synaptic zone of rat motoneurons. In our material,
double immunofluorescence with synaptophysin showed
no overlap of NOGO-A with synaptic structures in the
human brain or spinal cord.

The other main cell population labelled in the brain
and spinal cord were oligodendroglia. This is in line with
the function of NOGO-A as a myelin-associated inhib-
itor of neuronal outgrowth and plasticity. Several stud-
ies using transgenic and knockout animals have
demonstrated an inhibitory function of NOGO-A on
axonal regeneration, both in vitro and in vivo [2, 3, 6, 12,
13, 16], although others have produced more equivocal
data [20]. The present data reveal the presence of
NOGO-A on the inner and outer myelin membrane,
which is identical to the distribution already described in
the rat and mouse CNS [4, 19]. The presence of cyto-
plasmic NOGO-A immunoreactivity within the oligo-
dendrocytic cell bodies, similar to that identified in



neuronal cell bodies, may also suggest a localisation in
the ER; however, as pointed out earlier, this remains
highly speculative in the present post-mortem material.
In contrast to oligodendrocytes, which are the myeli-
nating cells of the CNS, Schwann cells in the PNS do not
express NOGO-A.

In summary, our data on the expression of NOGO-A
in the human nervous system are in line with those
previously described on the level of mRNA and to the
distribution in experimental animals. Beside the growth
inhibitory function, the widespread presence of the
protein in neuronal cells suggests hitherto unknown
functions, perhaps associated with the complex network
of the ER.
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