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Abstract

Background: Transplantation of olfactory ensheathing cells (OEC) and Schwann cells (SC) is a promising
therapeutic strategy to promote axonal growth and remyelination after spinal cord injury. Previous studies mainly
focused on the rat model though results from primate and porcine models differed from those in the rat model.
Interestingly, canine OECs show primate-like in vitro characteristics, such as absence of early senescence and
abundance of stable p75N™ expression indicating that this species represents a valuable translational species for
further studies. So far, few investigations have tested different glial cell types within the same study under identical
conditions. This makes it very difficult to evaluate contradictory or confirmatory findings reported in various studies.
Moreover, potential contamination of OEC preparations with Schwann cells was difficult to exclude. Thus, it remains
rather controversial whether the different glial types display distinct cellular properties.

Results: Here, we established cultures of Schwann cell-free OECs from olfactory bulb (OB-OECs) and mucosa
(OM-OECs) and compared them in assays to Schwann cells. These glial cultures were obtained from a canine large
animal model and used for monitoring migration, phagocytosis and the effects on in vitro neurite growth. OB-OECs
and Schwann cells migrated faster than OM-OECs in a scratch wound assay. Glial cell migration was not modulated
by cGMP and cAMP signaling, but activating protein kinase C enhanced motility. All three glial cell types displayed
phagocytic activity in a microbead assay. In co-cultures with of human model (NT2) neurons neurite growth was
maximal on OB-OECs.

Conclusions: These data provide evidence that OB- and OM-OECs display distinct migratory behavior and
interaction with neurites. OB-OECs migrate faster and enhance neurite growth of human model neurons better than
Schwann cells, suggesting distinct and inherent properties of these closely-related cell types. Future studies will
have to address whether, and how, these cellular properties correlate with the in vivo behavior after transplantation.
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Background

Neurons of the mammalian central nervous system have
a very restricted regenerative capacity in response to
damage [1,2]. The potential of creating a favorable cellu-
lar environment for improving neurological recovery
from traumatic spinal cord injury is currently a topic of
intense basic and clinical research [3]. Transplantation
of Schwann cells (SC) and olfactory ensheathing cells
(OEC) appears to be a promising therapeutic strategy to
facilitate axon regeneration and remyelination after spi-
nal cord injury. During lifelong sensory neuron turnover,
OECs continuously support axonal outgrowth from the
periphery into the olfactory bulb of the CNS. Due to
their potential to create a permissive environment for
axon growth and accessibility by nasal biopsy, OECs de-
rived from olfactory mucosa are considered to be com-
pelling candidates for autologous cell grafts [4]. Indeed,
in a recent study of Granger et al. on pet dogs with se-
vere chronic spinal cord injury, intraspinal transplan-
tations of OECs derived from the olfactory mucosal
cultures caused an improvement in fore limb-hind limb
coordination [5]. Several other transplantation studies
have used OECs or Schwann cells in models of spinal
cord injuries to restore myelination and promote axonal
regeneration [6-9]. Grafting of cultured olfactory en-
sheathing cells from the olfactory bulb into the spinal
cord promoted regrowth of lesioned long spinal axons
[6-8,10].

Migration into and beyond the site of lesion is a cri-
tical point to bridge the glial scar for creation of a per-
missive environment over the whole lesion site. Early
studies using Schwann cells from rat and mouse re-
ported extensive migration of transplanted cells into the
demyelinated regions of the lesion in the spinal cord
[11,12]. Since the migratory properties of glial cell trans-
plants contribute to the restoration of neuronal function
in the injured CNS, we investigated the cellular motility
of three purified glial types and evaluated whether moti-
lity could be up-regulated by application of cyclic nuc-
leotide signaling molecules [13] and a phorbol ester.

To promote axonal regeneration transplanted cells can
remove cellular debris of necrotic neurons and glia. Es-
pecially remaining myelin is a key factor of blocking
axonal regeneration [14]. Both, OECs and Schwann cells
are known to phagocytize bacteria as well as fragments
of degraded neurons, however reports of phagocytosis of
cellular debris after transplantation are still lacking
[15-17]. Thus we studied whether OECs and Schwann
cells can phagocytize microspheres in an in vitro co-
culture system.

Another important feature of this study is the estab-
lishment of a Schwann cell-free preparation as reported
[18]. The olfactory mucosa contains OECs and myelina-
ting Schwann cells from trigeminal afferents and other
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non-myelinating cells. Moreover, the close phenotypic
resemblance of OECs and Schwann cells and the expres-
sion of marker molecules such as the neurotrophin re-
ceptor p75 (p75°'%) and glial protein S100 represent
obstacles for the selective identification and purification
of pure OEC preparations that are free of Schwann cells.
Using magnetic activated cell sorting, it has recently
been shown that contaminating Schwann cells can be
depleted from canine OEC preparations allowing further
in vitro characterization of purified OECs from olfactory
bulb (OB-OECs), olfactory mucosa (OM-OECs), and
Schwann cells from fibular nerve [18].

To advance our understanding how these various
groups of glial cells may facilitate axonal regeneration
in the damaged CNS various in vitro assays were per-
formed. Since a permissive environment created by trans-
plants of migratory glial cells contributes to axonal
outgrowth in the injured CNS, initially we investigated the
cellular motility of the purified three glial types. To com-
pare cell motility, a scratch migration assay which mea-
sures cell migration during the closure of a “wound” that
is scratched into a confluent cell monolayer was used. In
addition, it was investigated whether motility could be up-
regulated by chemical manipulation of intracellular sig-
naling cascades. So far, we found no evidence that glial
migration is influenced by application of cGMP or cAMP
signaling molecules [19,20], but activating PKC enhances
motility. Glial cells may aid repair processes in the CNS
by clearing cellular debris via phagocytosis. Using a phago-
cytosis assay, we demonstrated internalization of fluores-
cent microspheres into all three glial cell types.

Finally, glial cells were analyzed for their potential to
improve neurite outgrowth in a co-culture system with
human NT2 model neurons. These neurons were de-
rived from the Ntera2/D1 clone of a well characterized
teratocarcinoma cell line, which can be induced to dif-
ferentiate into fully functional post mitotic neurons by
retinoic acid treatment. NT2 cells resemble human em-
bryonic stem cells [21] and the differentiation of NT2
cells into neurons has been suggested to mimic aspects
of vertebrate neurogenesis [22-25]. The co-culture assays
using OECs and SCs represent a needed prerequisite to
evaluate the potential therapeutic impact of the three
glial cell types for repair of spinal cord injuries in a
large animal translational model and their future clinical
application.

Results

Scratch migration assay

One therapeutic aspect of OEC cell transplantation for
treatment of SCI is related to the glial ability to migrate
within the injury site and to accompany regenerating
neurites. To compare the motility of the purified canine
glial cells, we used a scratch migration assay which
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tracks cell migration during the closure of a “wound” that
is scratched into a confluent cell monolayer (Figure 1A)
[26,27]. Immunocytochemical staining of purified cultures
confirmed p75 neurotrophin receptor (p75™ '*) expression
in all types of glial cells (Figure 1B-D). High magnification
images depicted a patchy appearance of immunoreactivity
on the glial cell surface, indicative of selective membrane
incorporation under cell culture conditions. We seeded
the cells into 24-well-plates and performed a scratch
wound to the confluent cell monolayer using a pipette tip
(Figure 1A). Figures 1E and F show how a scratch wound
in a confluent layer of purified OECs from the olfactory
bulb induces glial migratory behaviour. The closure of the
gap was monitored by following the advancement of the
cell front over 8 h. Because this time interval is too short
for significant cell proliferation, presence of cells in the
gap largely reflects migration (Figure 1F). To estimate cell
proliferation in the scratch wound, we performed a BrdU
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assay [28] and found less than 20% BrdU-positive cells at
8 h of incubation.

All three glial cell types displayed migratory capability
and initiated wound closure. In the scratch assay, OB-
OECs (n: 60) migrate considerably faster than OM-OECs
(n: 58, 85.62% * 2.337 of OB-OECs) and Schwann cells
(n: 46, 85.62% + 1.733 of OB-OECs, Figure 1G).

Chemical manipulation of ensheathing cell migration

Protein kinases C have been identified as essential regu-
lators of migration in several cancer and epithelial cell
types as well as for human neural progenitors [29-32]. In
our motility assay, application of 1 nM of the protein
kinase C activator TPA (12-O-tetradecanoylphorbol-13-
acetate) resulted in a significant increase of cell migra-
tion for ensheathing cells from the olfactory bulb (136%
of control, Figure 2A) and the olfactory mucosa (144%
of control, Figure 2B). Raising the concentration to10
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(red) and DAPI (blue). Scale bars are 50 pm (B-D) and 200 um (E and F).

Figure 1 Scratch wound assay to quantify and analyze migration rate of canine olfactory ensheathing and Schwann cells. (A) Schematic
drawing of the scratch wound assay. Confluent cell monolayer (left drawing) is scratched using a pipette tip (middle). The right drawing shows
the closure of the wound. The gap width is photographed at t, and tg and measured using ImageJ (red arrows) (B-D) Representative images

of OB-OECs (B), OM-OECs (C€) and Schwann cells (C stained for p75NTR and DAPI are shown. All cells displayed either a spindle-shaped and
process-bearing phenotype or a more flattened phenotype with only short processes emanating from the cell soma. (E-F) Representative images
of the scratch at ty and after 8 h migration are shown exemplarily for OB-OECs. (G) Migration rate differs after 8 h between cell types. OB-OECs
showed significant higher migration rates than OM-OECs or Schwann cells whereas OM-OECs and Schwann cells showed no significant
difference. Histograms present mean + SEM of 7 (60 scratches, OB-OECs), 7
Statistical analysis was performed using an ANOVA and the Newman-Keuls post-hoc test (**p < 0.01, *p < 0.05). Cells are stained against p7
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Figure 2 Protein kinase C activator TPA enhances cell migration. (A) OB-OECs showed an increase of migration to 130% compared to
controls at 1 to 100 nM TPA in the scratch wound assay (B) Application of protein kinase C activator TPA to OM-OECs resulted in a significant
increase to 144% compared to controls at 1 nM TPA, however, no difference was observed at 10 and 100 nM (C) Schwann cells showed no
migratory effect after TPA treatment (D) NT2 precursor treated with TPA resulted in an increase of migration to approximately 200% compared to
controls. (E-G) Human NT2 precursor migration increased when treated with the PKC activator TPA (G) compared to the control (F). Histograms
present mean + SEM of 3 (Schwann cells, OB-OECs and OM-OECs) and 5 experiments (NT2 precursor). Statistical analysis was performed using an

ANOVA and the Newman-Keuls post-hoc test (***p < 0.001, **p < 0.01). Scale bar is 200 um.
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nM and 100 nM resulted in a still significant increased
migration to 130% and 135% of control, respectively
(Figure 2A). However, migration rates of OM-OECs fall
back to control level at concentrations above 1 nM TPA.
Schwann cells were less responsive to the PKC activator,
showing no significant increase in cell migration
(Figure 2C). As additional migratory cell type we used
human NT2 precursor cells as positive control, repre-
senting an internal laboratory standard with known reac-
tions to application of cyclic nucleotides and activation
of the PKC pathway [28]. At concentrations of 1 to 100
nM of TPA (Figure 2D), these cells showed a two fold
increase of their cell migration velocity.

Dynamic regulation of intracellular cyclic nucleotide
levels plays a key role in modulating cellular motility
and regeneration in the nervous system [19,20]. Ad-
ditionally Windus et al. reported that OEC motility re-
gulates activity of pioneer growth cones and therefore
neurite elongation in a positive manner [33]. To explore
a potential involvement of cAMP and cGMP signal
transduction in glial motility, we tested whether mem-
brane permeable nucleotide analogues might facilitate
the closure of the gap. For this purpose we seeded the
cells into 24-well-plates and performed a scratch wound
to the confluent cell monolayer using a pipette tip

(Figure 1A). Both pharmacological agents were applied
to the scratch wound assay using concentrations of up
to 500 uM of the membrane permeable cAMP analogue
8-Br-cAMP (Figure 3). Migration rates of OB-OECs in-
creased slightly to 122% and 127% of control at 10 uM
and 100 pM, respectively (Figure 3A). However, this in-
crease was not statistically significant. For Schwann cells
and OM-OECs no increase of migration rates could be
observed (Figures 3B and C). Even the highest concen-
tration of 500 pM 8-Br-cAMP had no stimulatory effect
on cell migration. Next we tested the cGMP/PKG path-
way which has been shown to stimulate NT2 cell mig-
ration [28] (Figure 3D-F). Application of the cGMP
analogue 8-Br-cGMP had no significant effects on cell
migration in all three glial cultures at concentrations
from 10 to 500 puM.

Treatment of glial cell cultures with all chemical
agents including the cell permeable nucleotide analogues
8-Br-cGMP and 8-Br-cAMP or the PKC activator TPA,
did not affect cell viability, even at the highest applied
concentration (Figure 4).

Phagocytic activity of OECs
Recent studies suggested that olfactory ensheathing cells
may be the primary innate immunocytes in the olfactory
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Figure 3 Membrane permeable analogues 8-Br-cAMP and 8-Br-cGMP do not increase glial cell migration in a scratch wound assay.
(A-C) Incubation of canine olfactory ensheathing cells and Schwann cells with 8-Br-cAMP (D-F) or 8-Br-cGMP showed no significant increase of
glial migration rate after 8 hours. (A) Ensheathing cells from the olfactory bulb showed a slight increase to 125% of control at 10 uM to 500 uM
8-Br-cAMP. However, this effect was not significant. (B-C) OM-OECs and Schwann cells showed no increase under cAMP treatment. (D-F)
Ensheathing cells from the olfactory bulb showed a slight, not statistically significant increase to 120% compared to controls, at 10 uM 8-Br-cGMP
whereas OM-OECs and Schwann cells showed no change in migration rate under cGMP treatment. Histograms present means + SEM of 4
separate experiments (all cell types for 8-Br-cAMP) and 4 (OB-OECs, OM-OECs) and 3 (Schwann cells) for 8-Br-cGMP. Statistical analysis was performed
using an ANOVA and the Newman-Keuls post-hoc test.

pathway [16,17,34]. To obtain evidence for phagocytic
activity of the canine glial cells, we examined whether
they could internalize YG fluorescent microspheres of
1 pm diameter. After addition of microspheres to glial
cells seeded on poly-L-lysine coated chamber slides, pha-
gocytosis could be observed for OB-OECs (Figure 5A),
OM-OECs (Figure 5B) and Schwann cells within two
hours of cell culture (Figure 5C). All cells showed at least
six microspheres located in the cytoplasm of the cells,
confirmed by confocal z-stacks. Glial cells incubated in

4°C cold culture medium showed changes in their
morphological appearance and did not internalize the
microspheres. Cells cultured at 4°C failed to engulf micro-
spheres (data not shown). To investigate how the distinct
glial cell types would affect healthy neurons, we prepared
co-cultures with cell tracker green CMFDA labeled
human NT2 neurons (Invitrogen, Karlsruhe, Germany).
Under normal cell culture conditions, all of the different
canine glial cells showed no evidence for phagocytosis and
engulfment of neurons (data not shown).
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Figure 4 Influence of nucleotide analogues 8-Br-cAMP,
8-Br-cGMP, and the PKC activator TPA on glial cell viability.
(A) The highest concentration of 500 uM of the cGMP analogue
8-Br-cGMP had no significant effect on cell viability of olfactory
ensheathing cells and Schwann cells. Schwann cell showed a slightly
decreased viability (86% of control) which was not significant. (B)
OB-OECs and OM-OECs showed no significant difference between
viability of controls at a concentration of 500 M 8-Br-cAMP. Schwann
cells showed a significant decrease in cell viability of 81% compared to
controls. (C) Cell viability of all three cell types was not significantly
decreased at 100nM TPA treatment in comparison with control.
Histograms present the means + SEM of 3 separate experiments with
at least three wells per experiment. Statistical analysis was performed
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using an ANOVA and the Newman-Keuls post-hoc test (*p < 0.05).

Canine ensheathing cells of the bulb modulate neurite
outgrowth of developing human neurons

To analyze potential interactions between the isolated
olfactory ensheathing and Schwann cells with neurons,
we measured how canine glial cells influence parameters
of neurite outgrowth. We co-cultured developing human
NT-2 neurons after two weeks of retinoic acid treatment
(2wk RA) [35] together with ensheathing cells from
the olfactory bulb (OB-OECs), the olfactory mucosa
(OM-OECs) and Schwann cells from the fibular nerve.
Outgrowing neurites of the developing neurons were visu-
alized by immunofluorescence, using an antibody against
the neuronal cytoskeletal marker -III-tubulin.

Seeding of 2wk RA neurons to laminin, PDL coated
culture wells, and a confluent layer of canine glia re-
sulted in the growth of long processes. These extending
neurites stained for B-III-tubulin, while olfactory en-
sheathing (OB-OECs, OM-OECs) and Schwann cells did
not express immunoreactivity (Figures 6A-C). After 24 h
outgrowth most of the neurons showed one long major
neurite and up to five shorter processes emanating from
the cell body. Neurons on PDL extended a shorter major
neurite compared to neurons plated on laminin. Out-
growth on Schwann cells resulted in similar major neu-
rite lengths as for neurons on a PDL coating which was,
however, significantly shorter than for neurons on lam-
inin only (Figures 6A and D). The longest major neurite
could be observed for neurons cultured on OB-OECs.
However, the neurite extension was not significantly lar-
ger than on the laminin coating alone (Figure 6D).

Next we looked at the total length of all neurites
per neuron and found a significantly enhanced total
length for neurons grown on laminin compared to
PDL (Figure 6E). Developing 2wk RA neurons seeded
to Schwann cells and OM-OECs showed the same
total length of neurites compared to neurons grown
on Laminin. The use of OB-OECs as substrate for neurite
outgrowth resulted in the largest effect on total length
with an increase of up to 129% compared to laminin-
coated control. The overall neurite length was significantly
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Figure 5 Glial phagocytosis of microspheres. Canine glia showed phagocytosis of microspheres. OB-OECs (A), OM-OECs (B) and SCs (C)
contained 6 to 18 microspheres as indicated by confocal z-axis series analysis. XY, XZ, and YZ projections revealed that the microspheres were
taken up and engulfed by the canine glia. OB-OECs, OM-OECs and Schwann cells incubated 2 h at 4°C showed no signs of engulfed microspheres
indicating that phagocytosis is absent at low temperature (data not shown). Cells are stained against p75™™ (red) and DAPI (blue). YG microspheres
appear cyan due to fluorescence in the blue and green spectrum. Scale bar is 10 um.
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larger than for neurons grown on PDL, laminin, Schwann
cells or ensheathing cells from the olfactory mucosa
(OM-OECs, Figure 6D and E). Next we focused on
the initiation and outgrowth of primary neurites. Cultur-
ing the 2wk RA neurons on canine glia resulted in an in-
crease in neurite number for Schwann cells (p < 0.05),
OM-OECs and OB-OECs (both, p <0.001) compared to
controls on laminin or PDL (Figure 6A-C and F).

To reveal age-dependent neuron intrinsic mechanisms
that might affect neurite formation, we repeated the
same experiments with mature human neurons (hNT2).
There was indeed a remarkable difference compared to
the results of the developing 2wk RA neurons. Evaluat-
ing the longest neurite per neuron, we could only detect
a significant effect between outgrowth on PDL (Figure 6],
82% of control) and outgrowth on OB-OECs with 105%
of control (Figure 6I). Neither outgrowth on Schwann
cells (96% of control) nor on OM-OECs (94% of control)
resulted in an elongated major neurite compared with
outgrowth on a laminin coating only (Figure 6]). Next
we analyzed the total neurite length of all neurites per
neuron for all five outgrowth substrates. Outgrowth on
PDL (82%), SCs (94%) and OM-OECs (91%) resulted in

a not significant reduction of neurite lengths (Figure 6K).
Neurons grown on OB-OECs formed significant longer
neurites compared with PDL, but not with the laminin
coating (Figure 6I and K). To check whether this elon-
gated neurite length is due to the increase in the number
of processes, we counted for each substrate the number
of neurites per neuron. NT2 neurons grown on laminin
formed on an average 2.6 neurites per neuron whereas
PDL coating resulted in 2.4 neurites (Figure 6). Overall,
there was no significant difference in neurite formation
between neurons grown on laminin or PDL compared to
co-culture with Schwann cells (2.4), OM-OECs (2.1) and
OB-OECs (2.4).

Discussion

Assays for cellular functions of purified canine OECs
Olfactory ensheathing cells have claimed to be a unique
cell type according to their special localization in the
PNS and CNS as well as their special morphology known
for their ability to bridge the gap between the central ner-
vous (CNS) and the peripheral nervous system (PNS) in
the mammalian olfactory neuraxis [36-38]. Several studies
have reported beneficial effects on neuronal regeneration
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major neurite was not significantly increased when seeded to canine glia (K) Total length of neurites was neither affected by glial cells when
compared with control (L) Number of neurites appeared slightly, but not significantly reduced for neurons grown on OM-OECs. Cells were fixed
and stained for B-lll-Tubulin (magenta) and DAPI (cyan) after 24 h of co-culturing. Histograms present the means + SEM of 4-5 experiments (2wk RA)
and 2-3 experiments (hNT2). Statistical analysis was performed using Kruskal-Wallis-test (***p < 0.001, **p < 0.01, *p < 0.05). Scale bar is 50 um.

after OEC transplantation into animals with different few studies used canine or porcine ensheathing cells as
lesion paradigms in the PNS [39-41] and CNS [5,42-44]. translational model or even human ensheathing cells to
Except for a few studies, the majority of investigations show differences to rodents [4,5,48-51].The present study
concerning the regenerative potential of ensheathing glia  is one of the first to utilize a comparative approach for
have been performed in rodent models [9,45-47]. Only a  analysis of the migratory, phagocytic and neurite growth-
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promoting properties of purified Schwann cell-free prepa-
rations of OECs and Schwann obtained from a large ani-
mal model [18].

Olfactory ensheathing cell and Schwann cell migration

To test for differences in migratory capabilities, we per-
formed a scratch wound assay over the rather short time
interval of 8 hours. Therapeutic treatment of SCI clearly
would require longer migration times in the range of
weeks. However, the rather short migration time of 8 h
is a concession to the simplicity of the in vitro test sys-
tem. We have performed a cell proliferation assay and
found less than 20% BrdU-positive cells at 8 h of incuba-
tion. A significant effect of proliferation on the motility
component of the scratch wound assay could therefore
be excluded. Comparative analysis revealed a striking
difference in migratory capacities of OB-OECs, OM-
OECs and SCs. Former studies have reported either
a difference in migration rates between OECs and
Schwann cells in the X-radiated spinal cord [52] or no
difference between these cells after transplantation in a
spinal cord injury model [53]. The occurrence of lamelli-
podial waves and the density of cells are reported to in-
fluence the rate of in vitro migration [54]. However,
most of the studies agree that migration within the in-
jured spinal cord is essential to establish a permissive
environment to promote sprouting and inhibit scar
formation [45,55-57]. So far, in vitro migration rates of
SC-free cultures of OECs obtained from the olfactory
bulb and mucosa have not been compared to Schwann
cells in a scratch wound assay. This study shows that
SC-free cultures of canine OECs from the olfactory bulb
migrate faster than OECs from the mucosa or Schwann
cells from the tibial nerve (Figure 1G). Moreover, activa-
tion of the protein kinase C by phorbol ester treatment
significantly promoted migration of canine OECs. This
was also found for the human NT2 cell line. The ab-
sence of a response to phorbol ester treatment in ca-
nine Schwann cells indicated a differential expression
of signal transduction pathways regulating migratory
behavior in ensheathing compared to peripheral glial
cells. A former study of Simén et al. reported that
inhibiting PKC resulted in a decreased expression of
PAI-1 in human OECs associated with a reduced
OEC-dependent regeneration of axons of adult retinal
ganglion cells [58].

Rodent OECs showed an increase in proliferation, ex-
pression of GFAP and a morphology change of OECs
upon the cAMP-elevating agent Forskolin, whereas pri-
mate OECs lacked such a response [48].

Activation of the cAMP/PKA pathway overcomes the
regeneration inhibitory effects of myelin in vitro and
neuritogenesis of human NT2 neurons is elevated af-
ter treatment with cAMP [35]. Therefore, to improve
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ensheathing glia migration we applied 8-Br-cAMP [35,59].
Though Wang and Huang and Vincent et al. showed a
change of the glia morphology from an astrocyte-like to a
Schwann cell-like cell type under elevated levels of cAMP,
we could not observe any morphological difference to
cells cultured under control conditions [60,61]. In line
with this observation, culturing canine glia with 8-Br-
cAMP did not change the glial cell migration rate
(Figure 3A-C). Culturing OECs in the presence of low
concentrations or the absence of serum resulted in a
shift from a flattened to a more spindle-shaped cell
morphology [61]. The absence of cAMP-mediated effects
for canine OECs was already shown by Techangamsuwan
et al. and supports observed differences in migratory
properties of human and canine OECs compared to ro-
dent OECs [48].

Similarly, the nucleotide cGMP, known to facilitate
migration of human NT2 neurons, fetal human neu-
ral progenitor cells and human bronchial epithelial
cells [28,62,63] did not enhance canine glia migration
(Figure 4).

Phagocytic activity of ensheathing glia

During normal olfactory neuron turnover, OECs remove
debris of dead receptor cells by phagocytosis [15,17].
Moreover, recent studies showed, that OECs and Schwann
cells represent the first defence mechanism of the nasal
cavity and they react upon contact to bacteria [16,34,64].
Along with this function, activation of OECs with lipo-
polysaccharides (LPS) resulted in a strongly increased
phagocytic activity consisting of ingestion of apoptotic
cell fragments in vitro and in vivo. The remains of de-
graded olfactory receptor neurons (ORNs) are known to
block axonal regeneration and outgrowth of new ORNs
in general [65,66]. In the nasal mucosa, apoptotic ORNs
and cell debris like O4" fragments are engulfed by
OECs and removed from the olfactory pathway [15].
OECs injected into the subretinal space in a retinitis
pigmentosa model [67] or a demyelinating spinal cord
model of rats, cleaned the subretinal space from accu-
mulated debris or phagocytized degenerated host tissue.
This has also been found in intracranial sections of rat
olfactory bulbs [68].

Culturing both canine OECs and Schwann cells with
1 um microspheres resulted in engulfment and their
localization into the cell within two hours (Figure 5).
This could be prevented by slowing down the cell me-
tabolism at 4°C. The phagocytosis of the microspheres
by cultured canine glia resembles the removal of small
cellular debris. In contrast, co-culturing of intact human
NT2 neurons without any indications of apoptosis to-
gether with canine ensheathing glia for 24 hours pro-
vided no evidence for a phagocytic uptake of fluorescent
neuronal material.
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Neuritogenesis of human model neurons in co-cultures

In the present study, we show for the first time, that ca-
nine ensheathing glia promote neurite outgrowth of de-
veloping human model neurons (Figure 6). Culturing
developing NT2 neurons on a substrate of canine en-
sheathing glia from the PNS and CNS resulted in an
increased sprouting and elongation of neurites. The
positive interaction between canine cells and human
model neurons is also in support of a concept using dogs
as a translational model for the development of neural
repair strategies in human patients [5,18,50,69].

Previously, we showed a preferential growth of dorsal
root ganglion (DRG) neurons on canine OM-OEC, OB-
OECs and Schwann cells [70]. Comparative analysis re-
vealed that neurite length of DRG neurons and numbers
of branching points were significantly increased when
co-cultured with OM-OECs instead of OB-OECs and
Schwann cells, respectively. Nevertheless, DRG neurons
growth on OB-OECs and Schwann cells was improved
compared to OM-OECs. DRG neurons cultured together
with OM-OECs tended to stick to the poly-L-lysine sub-
strate more firmly than to the cell surface of the glial
cells. Using differentiating N'T2 neurons we obtained an
overall beneficial effect of canine OB-OECs, OM-OECs
and SCs compared to a poly-D-lysine or the permissive
laminin control. The number of neurites was higher in
co-cultures of canine glia compared to both poly-D-lysin
and laminin controls. These findings indicate that canine
glia support the initiation of primary neurites and the
elongation of these neurites. Due to the rather confluent
glia cell layer, we could not directly evaluate whether co-
cultured human NT2 neurons were directly associated
to canine glia or the underlying substrate. Thus we can-
not distinguish whether the growth promoting effects
are due to soluble factors or direct contact to the glial
cell surface.

The results obtained from NT2 neurons differ from
results obtained after co-culturing rat DRG neurons with
the same canine glial cells in a previous study [70]. DRG
neurons are a unique type of neurons projecting two
axonal branches; therefore reported differences could be
neuron specific. Dorsal root ganglion neurons exhibit a
centrally projecting branch extending into the spinal
cord and the peripheral branch projecting through a per-
ipheral nerve [71]. DRG neurons showed regeneration
when the peripheral branch was lesioned first, but failed
to regenerate when the central branch was lesioned [72].
Fudge and Mearow reported that a dissociated DRG
culture is a heterogeneous mixture of different neuron
phenotypes showing various responses to a permissive
environment [73]. The close resemblance of the DRG
entry zone and the olfactory bulb, both displaying a
bridge between PNS and CNS, encouraged Ramoén-
Cueto and Nieto-Sampedro to use DRG neurons as a
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“proof of principle” for the regeneration facilitating ef-
fects of OECs [74]. In contrast to DRG neurons, human
model neurons of the present study resembled more
closely the CNS phenotype [35,75-77] which might ac-
count for the neuron specific differences between this
and our former study [70].

The regenerative capacity of neurons is strongly
reduced with age [78]. To account for this neuron-
intrinsic limitation of neurite regeneration, we performed
the co-culture experiments with NT2 neurons of mature
developmental stage [75,76]. There was indeed a remar-
kable difference to the results of the developing 2wk RA
neurons (Figure 6). Using mature neurons, there was only
a weak increase between outgrowth on OB-OECs and out-
growth on PDL control and no positive effect on neurite
formation for the other glial co-culture conditions. The
reduction in regeneration between the 2wk RA and the
mature neurons on glial co-cultures suggested that NT2
model neurons can mimic the loss in regenerative cap-
acity that is generally observed in experimental animal
models [1,2,79,80]. This does not necessarily imply that
glial transplantations into mature neural tissue are in-
effective to treat spinal injury. The reported beneficial
effects of OEC transplantations into the injured spinal
cord might result from clearance of cellular debris,
axon guidance by migrating OECs, and the formation
of tunnel-shaped pathways for regenerating axons
[10,45,52,81,82]. In summary, co-cultures of canine
glia and NT2 neurons appear to mimic cellular mech-
anisms of neural regeneration in damaged nerve tis-
sue, comprising a useful platform for screening novel
neuroprotective agents.

Conclusions

This in vitro study supports the therapeutic approach
that OEC and Schwann cell transplantation into the
spinal cord generates a permissive environment for re-
generation in the central nervous system. We demon-
strate differences of ensheathing glial cell types with
respect to migration and neurite outgrowth from neu-
rons. OECs from the olfactory bulb migrate faster and
enhance neurite growth of human model neurons better
than OECs from the mucosa and Schwann cells. We
challenged various signal transduction pathways with
enzyme activators and show that stimulation of the
protein kinase C pathway enhances migration of OECs
from the olfactory bulb. Moreover, we demonstrate for
the first time, that canine ensheathing glia promote
neurite outgrowth of developing human model neurons.

Methods

All test substances were diluted in Dulbecco’s modified
Eagle medium (canine glia, DMEM Gibco-Invitrogen,
Karlsruhe, Germany) or DMEM/F12 (NT2 cells, Gibco-
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Invitrogen) containing 10% fetal bovine serum (Invi-
trogen), 1% penicillin and streptomycin. The cAMP
analogue 8-Br-cAMP (8-Bromoadenosine 3',5'-cyclic
monophosphate), the c¢cGMP analogue 8-Br-cGMP
(8-Bromoguanosine 3°,5'-cyclic monophosphate) were
purchased from Sigma (Taufkirchen, Germany). The pro-
tein kinase C activator 12-O-tetradecanoylphorbol-13-
acetate purchased from Alomone Labs (Jerusalem, Israel).
Unless stated otherwise, all chemicals were obtained
from Sigma.

Cell cultures

All animals used for cell isolation were treated according
to the legal and ethical requirements of the University of
Veterinary Medicine Hannover (Germany). The proce-
dures complied with the guidelines of animal welfare as
laid down by the German Research Council (DFG). Puri-
fied primary OEC and Schwann cell cultures were gene-
rated as described previously [18].

OM-OEC cultures were isolated from the caudal re-
gions of the nasal septum and conchae. All Schwann
cells were removed immediately from primary cell
suspensions by using anti-HNK-1 (OM-OECs) and anti-
p75N™® antibodies (OM-OECs, OB.OECs) and magnet-
activated cell sorting (MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany). Schwann cells were obtained from
the fibular nerve after removal of the epineural sheath
[83]. Trypsin, hyaluronidase type IV, and collagenase type
XI (0.5% each, Sigma Aldrich, Taufkirchen, Germany)
were used to digest nerve preparations after 5-7 days of
pre-degeneration in vitro by incubating nerve fibers [18].
Canine glia were cultured in T75 culture flasks with
DMEM containing additionally 20 ng/ml recombinant
human FGF-basic (fibroblast growth factor, Peprotech).
Cells were trypsinized (Trypsin-EDTA, PAA, Marburg,
Germany) twice a week and transferred to new T75 flasks
and cultured under standard conditions (37°C, 5% CO,).
Purity of glia cell cultures was about 95% as earlier re-
ported in Ziege et al. [18]. NT2/D1 precursor cells (NT2)
were purchased from the American Type Culture Col-
lection (ATTC, Manassas, VA20108, USA). Neuronal dif-
ferentiation was done as previously described [75,76].
After grown to confluence NT2 precursor cells were tryp-
sinized (Trypsin-EDTA, Gibco-Invitrogen) and cultured
in 95 mm, bacteriological grade Petri dishes (Greiner,
Hamburg, FRG) at a density of 5 x 10° cells/dish in 10 ml
Dulbecco’s modified Eagle medium (DMEM/F12,) supple-
mented with 10% fetal bovine serum, 1% penicillin and
streptomycin and 10 pM retinoic acid to start neuronal
differentiation. After 7-10 days, cells were trypsinized
again and transferred to T75 culture flasks with retinoic
acid at a density of 4 x 10 cells / flask. After additional
7-10 days, cells were trypsinized and cultured 2 days with
DMEM/F12 until they were transferred to T175 flasks
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with DMEM/F12 containing mitotic inhibitors (1 uM 1-6-
D-arabinofuranosylcytosine, 10 uM 2’-deoxy-5-fluorouri-
dine and 10 uM 1-B-D-ribofuranosyluracil). During
culturing of cells with medium containing mitotic in-
hibitors, neurons became visible after 7-10 days. Neurons
were selectively trypsinized, counted and used in up-
coming experiments. Neurons termed as 2wk RA repre-
senting a model for developing human neurons were
cultured for additional 7 days with 10 uM retinoic
acid in petri dishes instead of being transferred to
T175 flasks with inhibitor medium [35]. After two
weeks of retinoic acid treatment in petri dishes cells
were dispersed, counted and used for neurite out-
growth experiments.For all cell culture experiments,
canine glia of passage 7 (OB-OECs, OM-OECs and
SCs), 2wkRA neurons of passage 20-30 and hNT2
passage 22-31 were used.

Scratch wound assay
Migration of glial cells (passage 7) and human NT2 pre-
cursor (passage 22-30) cells was measured by the
scratch wound assay as described by Liang et al. [27].
Olfactory ensheathing cells, Schwann cells and NT2 pre-
cursor were plated at a density of 150.000 -200.000 cells
to poly-L-lysine coated (glia) and uncoated (NT2 pre-
cursor) 24-well-plates (Corning Costar, Kaiserslautern,
Germany) 24 hours prior to the scratch. The next day a
cell free area spanning approximately 600 pm in dia-
meter was scratched using a crystal 10 ul pipette tip
(Figure 1A). The wells were washed with medium to re-
move cellular debris. Cells were incubated with DMEM
(canine glia) or DMEM/F12 (NT2) containing the cGMP
analogue 8-Br-cGMP (10, 100, 500 pM), the cAMP
analogue 8-Br-cAMP (10, 100, 500 uM) and PKC acti-
vator phorbol-12-myristate 13-acetate (TPA, 1, 10, 100
nM). The scratch was photographed 0 h and 8 h after its
generation using a Zeiss Axiovert 200 microscope equip-
ped with a Cool Snap camera (Photometrics, Tucson,
Ariz., USA) and Meta Morph software (Molecular De-
vices, Sunnyvale, Calif,, USA). Gap width was measured
using Image] 1.46d (NIH, http://rsbweb.nih.gov/ij/, USA).
The distance was calculated by subtracting the average
gap width after 8 h from the average gap width at 0 h di-
vided by 2 (Figures 1E and F). BrdU incubation caused
the labelling of only a few cells in the scratch wound
(data not shown). Due to the short time interval of 8 h,
we can rule out a significant contribution of cell prolifer-
ation to the closure of the gap. Contrast enhancement
and image overlay was done with Image].

Phagocytosis assay

Phagocytic activity was determined for olfactory en-
sheathing cells and Schwann cells in vitro using latex
microsphere beads. Glial cells were seeded to poly-L-
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lysine (100 pg/ml) coated Nunc® Lab-Tek® 8 Chamber
Slides™ (Sigma-Aldrich, Taufkirchen, Germany) at a
density of 30,000 cells per well. Cells were incubated at
37°C and 5% CO, in DMEM medium containing 5%
EBS. After 12 hours yellowgreen fluorescent fluoresbrite
carboxylated microspheres (1 um diameter, Polysciences
Europe GmbH, Eppelheim, Germany) were coated with
FBS for 60 minutes at room temperature before they
were diluted with DMEM medium to a final concen-
tration of 2.8x10” microspheres/ well. After 60 to 120
minutes at 37°C in the incubator, cells were fixed with
4% PFA (paraformaldehyde) for 15 minutes at room
temperature. Remaining microspheres were rinsed off
with PBS and 0.1% Triton X-100. As a negative control
glial cells were incubated at 4°C. Afterwards Chamber
Slides™ were stained for p75™ "% and 4’,6-diamidino-2-
phenylindole (DAPI, Invitrogen, Karlsruhe, Germany) to
determine co-localization of YG microspheres and glial
cells. Phagocytized microspheres were localized taking
z-axis series of single cells on the Chamber Slides™,
using a Leica TCS SP5 AOBS confocal microscope.
Using the confocal series we created XY, XZ and YZ im-
ages to check whether the microspheres are located on
the inside of the cell or on the exterior (Figure 5).

Neurite outgrowth assay

To monitor effects of glial cells on neurite outgrowth of
human neurons we seeded hNT2 (passage 22—31) neu-
rons and 2wk RA (passage 23-30) neurons on different
substrates. As control coatings we used poly-D-lysine
(10 pg/ml) and poly-D-lysine/laminin (100 pg/ml). Glial
cells of passage 7 were seeded 1 hour prior to neuron
seeding at a density of 25,000 cells/well to poly-L-lysine
coated 96-well-plates (Corning Costar, Kaiserslautern,
Germany). After attachment of glial cells to the sub-
strate, neurons were seeded at a density of 10,000 cell/
well to the OB-OECs, OM-OECs and the Schwann cells
with a 1:1 ratio of DMEM and DMEM/F12 medium.
Neurons, cultured for 24 h under 37°C and 5% CO,,
were fixed and stained for -III-Tubulin to evaluate the
neurite outgrowth. For each neuron all neurites were
measured using Image]. Furthermore the longest neurite
and number of extending processes for each neuron
were determined. For evaluation of the effect on neurite
outgrowth only neurons with an apparent neurite were
taken into account. Each experiment was performed at
least in six wells and repeated three to five times with at
least 74 neurons (2wkRA neurons) and 50 neurons
(hN'T2 neurons), per experiment, respectively.

Immunocytochemistry

Immunocytochemistry was performed on mature hNT2
neurons and dispersed 2wk RA neurons as previously
described [28]. Human neurons were fixed with 4% PFA
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and permeabilized with 0.1% Triton X-100. The monoclo-
nal antibody B-III-Tubulin (1:10000, Sigma, Taufkirchen,
Germany) was applied overnight at 4°C. The biotinylated
secondary antibody (Vector, Burlingame, Mass., USA) was
applied for at least 1 h at room temperature before Strep-
tavidin coupled Cy3 was added for 1 h at room tem-
perature to detect immunofluorescence. Nuclei were
visualized using DAPI (4'6-diamidino-2henylindoldi-
hydrochloride, 0.1 pg/ml, Sigma, Taufkirchen, Germany)
as counterstain.

Statistical analysis

Graph Pad Prism was used for statistical evaluation. Data
are expressed as the mean + SEM. Significant differences
were determined by one-way-ANOVA and the Newman-
Keuls Multiple Comparison Test (scratch wound assay) or
the Kruskal-Wallis Test and the Dunns Test (neurite out-
growth assay). Quantitative results are usually based on
3-5 independent experiments performed at least in tripli-
cate. Significant levels are: * < 0.05, ** < 0.01, *** < 0.001.

Authors’ contributions

FR, SZ, WB, KW, and GB conceived and designed the experiments. FR
performed the cell cultures, immunocytochemistry, quantitative assays and
generated the figures. SZ purified the distinct canine glial cell populations.
FR and GB analyzed the data. FR, WB, KW, and GB wrote the manuscript.
All authors read and approved the final manuscript.

Acknowledgements

This study was supported by a grant from the German Research
Foundation (Research Unit 1103) to Gerd Bicker, Konstantin Wewetzer
and Wolfgang Baumgartner.

Author details

'Division of Cell Biology, University of Veterinary Medicine Hannover,
Bischofsholer Damm 15/102, 30173 Hannover, Germany. 2Department of
Pathology, University of Veterinary Medicine Hannover, Binteweg 17, 30559
Hannover, Germany. 3Center for Systems Neuroscience Hannover, Hannover,
Germany. “Department of Functional and Applied Anatomy, Hannover
Medical School, Carl-Neuberg-Str.1, 30625 Hannover, Germany.

Received: 23 May 2013 Accepted: 7 November 2013
Published: 13 November 2013

References

1. Bradbury EJ, McMahon SB: Spinal cord repair strategies: why do they
work? Nat Rev Neurosci 2006, 7:644-653.

2. Kim J, Schafer J, Ming G: New directions in neuroregeneration. Expert Opin
Biol Ther 2006, 6:735-738.

3. Harrop JS, Hashimoto R, Norvell D, Raich A, Aarabi B, Grossman RG,

Guest JD, Tator CH, Chapman J, Fehlings MG: Evaluation of clinical
experience using cell-based therapies in patients with spinal cord injury:
a systematic review. J Neurosurg Spine 2012, 17(1 Suppl):230-246.

4. Tabakow P, Jarmundowicz W, Czapiga B, Fortuna W, Miedzybrodzki R,

Czyz M, Huber J, Szarek D, Okurowski S, Szewczyk P, Gorski A, Raisman G:
Transplantation of autologous olfactory ensheathing cells in complete
human spinal cord injury. Cell Transplant 2013, 22(9):1591-1612.

5. Granger N, Blamires H, Franklin RIM, Jeffery ND: Autologous olfactory
mucosal cell transplants in clinical spinal cord injury: a randomized
double-blinded trial in a canine translational model. Brain 2012,
135(Pt 11):3227-3237.

6. Li Y: Repair of Adult Rat Corticospinal Tract by Transplants of Olfactory
Ensheathing Cells. Science 1997, 277:2000-2002.



Roloff et al. BMC Neuroscience 2013, 14:141
http://www.biomedcentral.com/1471-2202/14/141

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ramon-Cueto A, Cordero MI, Santos-Benito FF, Avila J: Functional recovery
of paraplegic rats and motor axon regeneration in their spinal cords by
Olfactory Ensheathing Glia. Neuron 2000, 25:425-435.

Li Y, Decherchi P, Raisman G: Transplantation of olfactory ensheathing
cells into spinal cord lesions restores breathing and climbing. J Neurosci
2003, 23:727-731.

Ziegler MD, Hsu D, Takeoka A, Zhong H, Ramén-Cueto A, Phelps PE, Roy RR,
Edgerton VR: Further evidence of olfactory ensheathing glia facilitating
axonal regeneration after a complete spinal cord transection. Exp Neurol
2011, 229:109-119.

Ramon-Cueto A, Plant GW, Avila J, Bunge MB: Long-distance axonal
regeneration in the transected adult rat spinal cord is promoted by
olfactory ensheathing glia transplants. J Neurosci 1998, 18:3803-3815.
Baron-Van Evercooren A, Avellana-Adalid V, Ben Younes-Chennoufi A,
Gansmuller A, Nait-Oumesmar B, Vignais L: Cell-cell interactions during the
migration of myelin-forming cells transplanted in the demyelinated
spinal cord. Glia 1996, 16:147-164.

Li Y, Raisman G: Integration of transplanted cultured Schwann cells into
the long myelinated fiber tracts of the adult spinal cord. Exp Neurol 1997,
145(2 Pt 1):397-411.

Dibaj P, Nadrigny F, Steffens H, Scheller A, Hirrlinger J, Schomburg ED,
Neusch C, Kirchhoff F: NO mediates microglial response to acute spinal
cord injury under ATP control in vivo. Glia 2010, 58:1133-1144.

Huo Y, Yin X-L, Ji S-X, Zou H, Lang M, Zheng Z, Cai X-F, Liu W, Chen C-L,
Zhou Y-G, Yuan R-D, Ye J: Inhibition of retinal ganglion cell axonal out-
growth through the amino-nogo-a signaling pathway. Neurochem Res
2013, 38(7):1365-1374.

Wewetzer K, Kern N, Ebel C, Radtke C, Brandes G: Phagocytosis of 04+
axonal fragments in vitro by p75- neonatal rat olfactory ensheathing
cells. Glia 2005, 49:577-587.

Panni P, Ferguson IA, Beacham |, Mackay-Sim A, Ekberg JAK, St John JA:
Phagocytosis of bacteria by olfactory ensheathing cells and Schwann
cells. Neurosci Lett 2013, 539:65-70.

Su Z, Chen J, Qiu Y, Yuan Y, Zhu F, Zhu Y, Liu X, Pu Y, He C: Olfactory
ensheathing cells: The primary innate immunocytes in the olfactory
pathway to engulf apoptotic olfactory nerve debris. Glia 2013,
61:490-503.

Ziege S, Baumgartner W, Wewetzer K: Toward defining the regenerative
potential of olfactory mucosa: establishment of schwann cell-free adult
canine olfactory ensheathing cell preparations suitable for transplantation.
Cell Transplant 2013, 22:355-367.

Horner PJ, Gage FH: Regenerating the damaged central nervous system.
Nature 2000, 407:963-970.

Song H, Poo M: The cell biology of neuronal navigation. Nat Cell Biol 2001,
3:E81-E88.

Schwartz RE, Linehan JL, Painschab MS, Hu W-S, Verfaillie CM,

Kaufman DS: Defined conditions for development of functional
hepatic cells from human embryonic stem cells. Stem Cells Dev 2005,
14:643-655.

Przyborski SA, Morton IE, Wood A, Andrews PW: Developmental regulation
of neurogenesis in the pluripotent human embryonal carcinoma cell line
NTERA-2. Eur J Neurosci 2000, 12:3521-3528.

Houldsworth J, Heath SC, Bosl GJ, Studer L, Chaganti RSK: Expression
profiling of lineage differentiation in pluripotential human embryonal
carcinoma cells. Cell Growth Differ 2002, 13:257-264.

Przyborski SA, Smith S, Wood A: Transcriptional profiling of neuronal
differentiation by human embryonal carcinoma stem cells in vitro.

Stem Cells 2003, 21:459-471.

Smith B, Treadwell J, Zhang D, Ly D, McKinnell I, Walker PR, Sikorska M:
Large-scale expression analysis reveals distinct microRNA profiles

at different stages of human neurodevelopment. PLoS ONE 2010,
5:e11109.

Meintanis S, Thomaidou D, Jessen KR, Mirsky R, Matsas R: The neuron-glia
signal beta-neuregulin promotes Schwann cell motility via the MAPK
pathway. Glia 2001, 34:39-51.

Liang C-C, Park AY, Guan J-L: In vitro scratch assay: a convenient and
inexpensive method for analysis of cell migration in vitro. Nat Protoc
2007, 2:329-333.

Tegenge MA, Bicker G: Nitric oxide and cGMP signal transduction
positively regulates the motility of human neuronal precursor (NT2)
cells. J Neurochem 2009, 110:1828-1841.

29.

30.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 13 of 14

Weeraratna AT, Jiang Y, Hostetter G, Rosenblatt K, Duray P, Bittner M,

Trent JM: Wnt5a signaling directly affects cell motility and invasion of
metastatic melanoma. Cancer Cell 2002, 1:279-288.

Moors M, Cline JE, Abel J, Fritsche E: ERK-dependent and -independent
pathways trigger human neural progenitor cell migration. Toxicol App!
Pharmacol 2007, 221:57-67.

Yamamoto H, Kitadai Y, Yamamoto H, Oue N, Ohdan H, Yasui W, Kikuchi A:
Laminin gamma2 mediates Wnt5a-induced invasion of gastric cancer
cells. Gastroenterology 2009, 137:242-252. 252.e1-6.

Sumagin R, Robin AZ, Nusrat A, Parkos CA: Activation of PKCBII by PMA
Facilitates Enhanced Epithelial Wound Repair through Increased Cell
Spreading and Migration. PLoS ONE 2013, 8:255775.

Windus LCE, Chehrehasa F, Lineburg KE, Claxton C, Mackay-Sim A, Key B,
St John JA: Stimulation of olfactory ensheathing cell motility enhances
olfactory axon growth. Cell Mol Life Sci 2011, 68:3233-3247.

Leung JYK, Chapman JA, Harris JA, Hale D, Chung RS, West AK, Chuah MI:
Olfactory ensheathing cells are attracted to, and can endocytose,
bacteria. Cell Mol Life Sci 2008, 65:2732-2739.

Tegenge MA, Roloff F, Bicker G: Rapid differentiation of human embryonal
carcinoma stem cells (NT2) into neurons for neurite outgrowth analysis.
Cell Mol Neurobiol 2011, 31:635-643.

Doucette R: Olfactory ensheathing cells: potential for glial cell
transplantation into areas of CNS injury. Histol Histopathol 1995,
10:503-507.

Barnett SC, Chang L: Olfactory ensheathing cells and CNS repair: going
solo or in need of a friend? Trends Neurosci 2004, 27:54-60.

Richter MW, Roskams AJ: Olfactory ensheathing cell transplantation
following spinal cord injury: hype or hope? Exp Neurol 2008,
209:353-367.

Guntinas-Lichius O, Wewetzer K, Tomov TL, Azzolin N, Kazemi S, Streppel M,
Neiss WF, Angelov DN: Transplantation of olfactory mucosa minimizes
axonal branching and promotes the recovery of vibrissae motor
performance after facial nerve repair in rats. J Neurosci 2002,
22:7121-7131.

Li Y, Yamamoto M, Raisman G, Choi D, Carlstedt T: An experimental model
of ventral root repair showing the beneficial effect of transplanting
olfactory ensheathing cells. Neurosurgery 2007, 60:734-740. discussion
740-741.

Radtke C, Vogt PM: Peripheral nerve regeneration: a current perspective.
Eplasty 2009, 9:e47.

Lopez-Vales R, Garcia-Alias G, Forés J, Navarro X, Verdu E: Increased
expression of cyclo-oxygenase 2 and vascular endothelial growth factor
in lesioned spinal cord by transplanted olfactory ensheathing cells.

J Neurotrauma 2004, 21:1031-1043.

Richter MW, Fletcher PA, Liu J, Tetzlaff W, Roskams AJ: Lamina propria and
olfactory bulb ensheathing cells exhibit differential integration and
migration and promote differential axon sprouting in the lesioned spinal
cord. J Neurosci 2005, 25:10700-10711.

Pearse DD, Sanchez AR, Pereira FC, Andrade CM, Puzis R, Pressman Y,
Golden K, Kitay BV, Blits B, Wood PM, Bunge MB: Transplantation of
Schwann cells and/or olfactory ensheathing glia into the contused
spinal cord: Survival, migration, axon association, and functional
recovery. Glia 2007, 55:976-1000.

Chehrehasa F, Windus LCE, Ekberg JAK, Scott SE, Amaya D, Mackay-Sim A,
St John JA: Olfactory glia enhance neonatal axon regeneration. Mol Cell
Neurosci 2010, 45:277-288.

Liu Q, Yu H-M, Dai C-F, Li W, Zhu Y-Y, Gu Y-R, Li H-W: Olfactory ensheath-
ing cells promote the survival of newborn rat spiral ganglion cells

in vitro. Sheng Li Xue Bao 2010, 62:115-121.

Coutts DJ, Humphries CE, Zhao C, Plant GW, Franklin RJ: Embryonic-derived
olfactory ensheathing cells remyelinate focal areas of spinal cord
demyelination more efficiently than neonatal or adult-derived cells.

Cell Transplant 2013, 22(7):1249-61.

Techangamsuwan S, Imbschweiler |, Kreutzer R, Kreutzer M, Baumgartner W,
Wewetzer K: Similar behaviour and primate-like properties of adult
canine Schwann cells and olfactory ensheathing cells in long-term
culture. Brain Res 2008, 1240:31-38.

Radtke C, Lankford KL, Wewetzer K, Imaizumi T, Fodor WL, Kocsis JD:
Impaired spinal cord remyelination by long-term cultured adult porcine
olfactory ensheathing cells correlates with altered in vitro phenotypic
properties. Xenotransplantation 2010, 17:71-80.



Roloff et al. BMC Neuroscience 2013, 14:141
http://www.biomedcentral.com/1471-2202/14/141

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Wewetzer K, Radtke C, Kocsis J, Baumgartner W: Species-specific control of
cellular proliferation and the impact of large animal models for the use
of olfactory ensheathing cells and Schwann cells in spinal cord repair.
Exp Neurol 2011, 229:80-87.

Huang H, Xi H, Chen L, Zhang F, Liu Y: Long-term outcome of olfactory
ensheathing cell therapy for patients with complete chronic spinal cord
injury. Cell Transplant 2012, 21(Suppl 1):523-S31.

Lankford KL, Sasaki M, Radtke C, Kocsis JD: Olfactory ensheathing cells
exhibit unique migratory, phagocytic, and myelinating properties in
the X-irradiated spinal cord not shared by Schwann cells. Glia 2008,
56:1664-1678.

Lu P, Yang H, Culbertson M, Graham L, Roskams AJ, Tuszynski MH:
Olfactory ensheathing cells do not exhibit unique migratory or axonal
growth-promoting properties after spinal cord injury. J Neurosci 2006,
26:11120-11130.

Windus LCE, Claxton C, Allen CL, Key B, St John JA: Motile membrane
protrusions regulate cell-cell adhesion and migration of olfactory
ensheathing glia. Glia 2007, 55:1708-1719.

Ramer LM, Richter MW, Roskams AJ, Tetzlaff W, Ramer MS: Peripherally-
derived olfactory ensheathing cells do not promote primary afferent
regeneration following dorsal root injury. Glia 2004, 47:189-206.

SuZ Yuan Y, Chen J, Cao L, Zhu Y, Gao L, Qiu Y, He C: Reactive astrocytes
in glial scar attract olfactory ensheathing cells migration by secreted
TNF-alpha in spinal cord lesion of rat. PLoS ONE 2009, 4:e8141.

Shen Y, Qian Y, Zhang H, Zuo B, Lu Z, Fan Z, Zhang P, Zhang F, Zhou C:
Guidance of olfactory ensheathing cell growth and migration on
electrospun silk fibroin scaffolds. Cell Transplant 2010, 19:147-157.

Simén D, Martin-Bermejo MJ, Gallego-Hernandez MT, Pastrana E, Garcia-
Escudero V, Garcia-Gomez A, Lim F, Diaz-Nido J, Avila J, Moreno-Flores MT:
Expression of plasminogen activator inhibitor-1 by olfactory ensheathing
glia promotes axonal regeneration. Glia 2011, 59:1458-1471.

Cai F, Campana WM, Tomlinson DR, Fernyhough P: Transforming growth
factor-beta1 and glial growth factor 2 reduce neurotrophin-3 mRNA
expression in cultured Schwann cells via a cAMP-dependent pathway.
Brain Res Mol Brain Res 1999, 71:256-264.

Vincent AJ, West AK, Chuah MI: Morphological plasticity of olfactory
ensheathing cells is regulated by cAMP and endothelin-1. Glia 2003,
41:393-403.

Wang Y, Huang Z-H: cAMP mediates the morphological change of
cultured olfactory ensheathing cells induced by serum. Sheng Li Xue Bao
2011, 63:31-38.

Bove PF, Wesley UV, Greul A-K, Hristova M, Dostmann WR, van der Vliet A:
Nitric oxide promotes airway epithelial wound repair through enhanced
activation of MMP-9. Am J Respir Cell Mol Biol 2007, 36:138-146.

Tegenge MA, Rockel TD, Fritsche E, Bicker G: Nitric oxide stimulates human
neural progenitor cell migration via cGMP-mediated signal transduction.
Cell Mol Life Sci 2011, 68:2089-2099.

Harris JA, West AK, Chuah MI: Olfactory ensheathing cells: nitric oxide
production and innate immunity. Glia 2009, 57:1848-1857.

Buss A, Pech K, Merkler D, Kakulas BA, Martin D, Schoenen J, Noth J,
Schwab ME, Brook GA: Sequential loss of myelin proteins during
Wallerian degeneration in the human spinal cord. Brain 2005,

128(Pt 2):356-364.

David S, Fry EJ, Lépez-Vales R: Novel roles for Nogo receptor in
inflammation and disease. Trends Neurosci 2008, 31:221-226.

Huo SJ, Li YC, Xie J, Li Y, Raisman G, Zeng YX, He JR, Weng CH, Yin ZQ:
Transplanted olfactory ensheathing cells reduce retinal degeneration in
royal college of surgeons rats. Curr Eye Res 2012, 37:749-758.

Li Y, Field PM, Raisman G: Olfactory ensheathing cells and olfactory nerve
fibroblasts maintain continuous open channels for regrowth of olfactory
nerve fibres. Glia 2005, 52:245-251.

Omar M, Bock P, Kreutzer R, Ziege S, Imbschweiler I, Hansmann F, Peck C-T,
Baumgartner W, Wewetzer K: Defining the morphological phenotype:
2',3"-cyclic nucleotide 3"-phosphodiesterase (CNPase) is a novel marker
for in situ detection of canine but not rat olfactory ensheathing cells.
Cell Tissue Res 2011, 344:391-405.

Ziege S, Wewetzer K, Schéne K, Baumgdrtner W: Special neurite growth-
promoting capacity and growth factor responsiveness of nasal mucosa-

derived olfactory ensheathing cells unraveled by Schwann cell depletion.

Exp Neurol 2013.

Page 14 of 14

71, Bradbury EJ, McMahon SB, Ramer MS: Keeping in touch: sensory neurone
regeneration in the CNS. Trends Pharmacol Sci 2000, 21:389-3%4.

72. Neumann S, Woolf CJ: Regeneration of dorsal column fibers into and
beyond the lesion site following adult spinal cord injury. Neuron 1999,
23:83-91.

73. Fudge NJ, Mearow KM: Extracellular matrix-associated gene expression in
adult sensory neuron populations cultured on a laminin substrate.

BMC Neurosci 2013, 14:15.

74. Ramon-Cueto A, Nieto-Sampedro M: Regeneration into the spinal cord
of transected dorsal root axons is promoted by ensheathing glia
transplants. £xp Neurol 1994, 127:232-244.

75.  Paquet-Durand F, Bicker G: Human model neurons in studies of brain cell
damage and neural repair. Curr Mol Med 2007, 7:541-554.

76. Podrygajlo G, Tegenge MA, Gierse A, Paquet-Durand F, Tan S, Bicker G,
Stern M: Cellular phenotypes of human model neurons (NT2) after
differentiation in aggregate culture. Cell Tissue Res 2009, 336:439-452.

77. Podrygajlo G, Song Y, Schlesinger F, Krampfl K, Bicker G: Synaptic currents
and transmitter responses in human NT2 neurons differentiated in
aggregate culture. Neurosci Lett 2010, 468:207-210.

78. Blackmore M, Letourneau PC: Changes within maturing neurons limit
axonal regeneration in the developing spinal cord. J Neurobiol 2006,
66:348-360.

79. Qiu J, Cai D, Dai H, McAtee M, Hoffman PN, Bregman BS, Filbin MT: Spinal
axon regeneration induced by elevation of cyclic AMP. Neuron 2002,
34:895-903.

80. Gensel JC, Kigerl KA, Mandrekar-Colucci SS, Gaudet AD, Popovich PG:
Achieving CNS axon regeneration by manipulating convergent
neuro-immune signaling. Cell Tissue Res 2012, 349:201-213.

81. Ramer LM, Au E, Richter MW, Liu J, Tetzlaff W, Roskams AJ: Peripheral
olfactory ensheathing cells reduce scar and cavity formation and
promote regeneration after spinal cord injury. J Comp Neurol 2004,
473:1-15.

82. Toft A, Tome M, Barnett SC, Riddell JS: A comparative study of glial and
non-neural cell properties for transplant-mediated repair of the injured
spinal cord. Glia 2013, 61:513-528.

83.  Wewetzer K, Grothe C, Christ B, Seilheimer B: Identification and
characterization of differentiation-dependent Schwann cell surface
antigens by novel monoclonal antibodies: introduction of a marker
common to the non-myelin-forming phenotype. Glia 1997, 19:213-226.

doi:10.1186/1471-2202-14-141

Cite this article as: Roloff et al: Schwann cell-free adult canine olfactory
ensheathing cell preparations from olfactory bulb and mucosa display
differential migratory and neurite growth-promoting properties in vitro.
BMC Neuroscience 2013 14:141.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

www.biomedcentral.com/submit

Submit your manuscript at () BioMed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Scratch migration assay
	Chemical manipulation of ensheathing cell migration
	Phagocytic activity of OECs
	Canine ensheathing cells of the bulb modulate neurite outgrowth of developing human neurons

	Discussion
	Assays for cellular functions of purified canine OECs
	Olfactory ensheathing cell and Schwann cell migration
	Phagocytic activity of ensheathing glia
	Neuritogenesis of human model neurons in co-cultures

	Conclusions
	Methods
	Cell cultures
	Scratch wound assay
	Phagocytosis assay
	Neurite outgrowth assay
	Immunocytochemistry
	Statistical analysis

	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


