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In orofacial reconstruction not only the osseous structures themselves but also neighboring cranial nerves
need to be regenerated. To replace autologous bone implants, biocompatible tissue-engineered scaffolds are
under investigation at least for bone replacement but until now these studies have not focused on parallel
reconstruction of injured cranial nerves. The present study contributes to the development of optimized
tissue-engineered products that will enable regeneration of both bone and nervous tissue. For the first time,
cocultures of primary osteoblasts (rat or human) and primary Schwann cells (rat or human) were established.
The suitability of monocultures of osteoblasts and cocultures of osteoblasts plus Schwann cells as substrate
for sensory neurons as well as motoneurons was tested here. The results suggest that whereas osteoblasts
provide a good substrate for sensory neurons, motoneurons depend on the presence of Schwann cells for
survival and neurite outgrowth. For prolonged availability of regeneration-promoting growth factors at the
site of the graft, those proteins should be delivered by the transplanted cells themselves. To enable this, we
established electroporation-based nonviral transfection of osteoblasts as well as Schwann cells. Our new cell
culture system will enable investigations of the effect of graft-derived growth factors on osteoblasts and
Schwann cells as well as on neurite outgrowth from cocultured neurons of the sensory and motor system.
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INTRODUCTION

Bone defects of the skull still pose a problem of sig-
nificant clinical relevance. Craniofacial defects can be
of posttraumatic origin or result from congenital defor-
mations or even from ablative tumor surgery. Herein the
fast surgical replacement of bone is necessary even if
bone possesses an intrinsic repair capacity (34). Thus,
not only the osseous structures themselves but also neigh-
boring cranial nerves are frequently affected.

The “gold standard” for the reconstruction of bone
tissue is autogenous bone transplantation (35). Harvest-
ing of autogenous bone transplants results in an addi-
tional donor site morbidity, unfavorable scar formation,
insufficient wound healing, or recurrent pain (34). Tis-
sue-engineering strategies are promising to replace har-
vesting of autologous transplants by the development of
innovative bone substitutes. This attempt combines har-
vesting, isolation, and culture of autologous and allo-

gene cells as well as seeding of these cells on biocom-
patible materials that are substituted with extracellular
matrix proteins (19,41,43). Osteoblasts accomplish rapid
osteoid matrix production (34). With regard to bone re-
pair it was shown that osteoblasts seeded on bioresorb-
able matrices or scaffolds increase reconstruction and
healing of bony defects because of an enhanced oste-
ogenic potency compared to common bone substitutes
210).

Similar to replacement and regeneration of bone
where three main strategies may be used alone or in
combination (34), also in peripheral nerve reconstruction
and regeneration, matrix-based therapies as well as fac-
tor-based therapies and cell-based therapies are under
investigation (24). Similar to bone reconstruction, the
“gold standard” to perform tension-free reconnection of
transected nerve stumps is the use of autologous nerve
transplants (37). Availability of autologous nerve trans-
plants is limited because harvesting of healthy nerves is
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needed for this technique and is accompanied by donor
site morbidity (24). Synthetic nerve bridges can be mod-
ulated to assist peripheral nerve regeneration by addition
of extracellular matrix proteins (4,5,26), neurotrophic
factors (1,7,9), or Schwann cells (2,6,14,22,32). Schwann
cells, the myelinating and nonmyelinating glial cells of
the peripheral nervous system, are crucially involved in
peripheral nerve regeneration processes by forming bands
of Biingner to guide regenerating axons along the Schwann
cell basal lamina and by producing a regeneration-promot-
ing environment via expression of neurotrophic and other
growth factors (3,24). Synthetic nerve conduits stimu-
lated axonal regeneration in rat models after seeding the
material with neonatal (18,28,29) or adult rat Schwann
cells (2,14).

For the development of tissue-engineered constructs
that will enable rapid bone reconstruction in parallel to
enhanced regeneration of adjacent peripheral nerves, cell
types should be used that are crucially involved in both
processes. Nothing has been known so far about the suit-
ability of osteoblasts used as a substrate for neurons and
neurite outgrowth. In vivo, osteoblasts never get into di-
rect contact to neurons or peripheral neurites or axons
in particular, whereas neurons and peripheral neuronal
processes are physiologically accompanied by Schwann
cells. Furthermore, Schwann cells and osteoblasts are
not physiological neighbors in vivo as well, because
bone and peripheral nerves are at least separated by con-
nective tissue. As a first attempt, neuron survival and
neurite outgrowth in the case of direct contact to osteo-
blasts had to be investigated. As a second attempt the
feasibility to culture and grow osteoblasts and Schwann
cells side by side had to be tested because the presence
of Schwann cells could positively modulate osteoblast
effects on neurons and neurite outgrowth.To combine
cell-based therapies with factor-based therapies for re-
generation, it would be favorable if the transplanted cells
could be genetically modified to produce regeneration-
promoting proteins over prolonged periods at the im-
plantation site.

The aim of the current study was to establish methods
that will allow the development of a complex implant
made of cell-seeded bone substitutes for bone and periph-
eral nerve regeneration. Therefore, osteoblastic cells and
Schwann cells, alone and in mixed populations, were
cocultured with neurons to investigate differential ef-
fects of the different cellular substrates on neurons of
the sensory and the motor system. Furthermore, a method
for nonviral transfection of adult human osteoblasts was
evaluated to serve as a basis for genetic modification of
these cells prior to implantation and to produce cells that
will provide a source of biologically active regeneration-
promoting proteins after implantation and a prolonged
delivery of graft-derived growth factors.
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MATERIALS AND METHODS

Culture Conditions for Monocultures of Human
and Rat Osteoblasts

Rat osteoblast-like cells were grown from tibial bone
of 3-month-old female Sprague-Dawley rats. Cells were
cultured on noncoated culture dishes using Dulbecco’s
modified Eagle medium (DMEM)/Ham’s F12 supple-
mented with 10% fetal calf serum (FCS) and 4 mmol L-
glutamine and penicillin/streptomycin (100 U/ml/100
pg/ml) (all PAA, Germany).

Human osteoblast-like cells grown from maxillar
bone of a 20-year-old male patient were cultured under
the same conditions as described above. Sister cultures
of rat and human cells were at times identified as osteo-
blasts by their production of alkaline phosphatase, which
is exclusively produced by osteoblasts or by von Kossa
staining of calcified extracellular matrix (33).

The use of rat and human tissue for initiating cell
cultures was permitted by the Bezirksregierung Hanno-
ver or the ethics committee of the Hannover Medical
School, respectively.

Conditions for Seeding of Sensory Neurons
on Different Cellular Substrates

First, to compare the capacity of rat or human adult
osteoblasts to promote survival and/or axonal outgrowth
when used as a cellular substrate for sensory neurons,
substrate cells were grown in monolayers and sensory
neurons were seeded on top.

Therefore, dorsal root ganglia (DRG) of neonatal
Sprague Dawley rats on postnatal day 1-3 (P1-P3) were
collected and dissociated. Sensory neurons did not go
through any enrichment procedure. After seeding disso-
ciated DRG cells on top of osteoblastic cells and other
cell types as below, the following medium suitable for
cultures of sensory neurons was used: DMEM/Ham’s
F12 added with 0.25% BSA, 2 mmol L-glutamine, 1
mmol sodium pyruvat, penicillin/streptomycin (100 U/
ml/100 pg/ml), N1-supplement (apo-transferrin, putres-
cine, progesterone, sodium selenit), and insulin. Sensory
neurons were cultured on top of the different cell types
for 2-5 days. Cultures were stopped by cell fixation
with 4% paraformaldehyde (PFA) in PBS.

We then evaluated the effect of adult rat or human
Schwann cells on sensory neuron survival and neurite
outgrowth. For this purpose, Schwann cells from both
species were either cultured in mixed populations with
osteoblasts from the same species (as below) or in mo-
nocultures before sensory neurons were seeded on top.

Isolation, Enrichment, and Culture of Adult
Schwann Cells

Adult rat Schwann cells were obtained from in vitro
predegenerated sciatic nerves of adult female Sprague-
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Dawley rats (8 weeks of age, 220 g body weight, Charles
River Germany) as described previously (27).

Adult human Schwann cells were obtained from in
vitro predegenerated sural nerve biopsies of male and
female patients as described elsewhere (17). Adult rat
and human Schwann cells were seeded on poly-ornithin
(PORN)-laminin (Becton-Dickinson, Europe) double-
coated culture dishes and cultured in melanocyte growth
medium (PromoCell, Germany) supplemented with manu-
facturer supplements and additional 10 ng/ml FGF-2
(30), 5 pg/ml bovine pituitary extract, and 2 wm for-
skolin (Calbiochem, Germany) (17,27).

For enrichment of either adult rat or human Schwann
cells we used Cold Jet, an easy and effective washing
step based on different adhesion properties of Schwann
cells and fibroblasts (17,27). To prove high purity of
adult Schwann cell cultures, Schwann cells in sister cul-
tures were characterized by an immunocytochemical
staining for the low-affinity nerve growth factor recep-
tor, p75"™N6fR a cell surface marker for Schwann cells in
vitro (15,17,27).

Mixed Cultures of Osteoblasts and Schwann Cells

For culturing osteoblastic cells and Schwann cells in
mixed cultures the respective Schwann cell medium was
found to maintain cocultured osteoblasts as well, even
while slightly reducing the proliferation rate of this pop-
ulation in comparison to osteoblasts cultured in original
osteoblast medium. Adjusting to the needs of Schwann
cells in coating of culture dishes, cocultures of osteoblasts
with adult Schwann cells were seeded on PORN-lami-
nin-coated surfaces.

Evaluation of Sensory Neuron Survival and Neurite
Outgrowth on Different Cellular Substrates

Sensory neuron survival and neurite outgrowth be-
havior were analyzed after immunocytochemical identi-
fication of DRG neurons with an antibody against neu-
ron-specific B-IlI-tubulin [Upstate, USA, 1:140 in PBS +
1% BSA (Fraction V) (w/v) + 0.3% Triton X-100 (v/v);
all Sigma, Germany]. Cy2-conjugated goat anti-mouse
IgG (Jackson, USA) were used as secondary antibodies
for detection (1:200 in 1% BSA/PBS). Green (Cy2) flu-
orescence of secondary antibodies was visualized using
a fluorescent microscope (IX70, Olympus, Germany).

In a first attempt and to exclude species effects of the
cellular substrates, rat sensory neurons were seeded on
top of (I) rat osteoblast monocultures or (II) human os-
teoblast monocultures, respectively. For control, (III)
PORN-laminin coating was used as a noncellular substrate.

In a second step beside rat osteoblast monocultures
(IVa), mixed cultures of rat osteoblasts and adult rat
Schwann cells (Va) or adult rat Schwann cell monocul-
tures (VIa) were used as substrates for rat sensory neu-
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rons. Noncellular PORN-laminin coating (VIla) served
as control substrate. The same experiments (IVb—VIb)
were done for substrate cells of human origin with (VIIb)
noncellular PORN-laminin coating as control.

In all settings, neuron survival as well as neurite out-
growth behavior was analyzed in terms of (i) number of
neuronal processes per soma, (ii) number of branches
per neurite, and (iii) length of the longest branch (axon).
The morphometric measurements were done using the
AnalySIS (Soft Imaging Systems, Miinster, Germany)
computer software package. Numbers of branches per
neurite were determined in an area of the approximately
doubled cell diameter.

Conditions for Seeding of Motoneurons on Different
Cellular Substrates

Rat embryonic spinal motoneurons grow and survive
well when seeded on top of a neonatal rat Schwann cell
feeder layer (15). As this cell culture system is well es-
tablished in our lab, we decided to address the question
whether an osteoblast cellular substrate will influence
survival and/or axonal outgrowth of motoneurons, by
modifying this system. Motoneurons were harvested and
purified by density gradient centrifugation from ventral
lumbal spinal cord preparations from rat embryos (gesta-
tional day 15) as described previously (15).

Motoneurons were then seeded on top of (VIII) rat
neonatal Schwann cells, (IX) a mixed population of rat
neonatal Schwann cells plus human osteoblasts, or (X)
human osteoblast monocultures. After seeding motoneu-
ron-rich cell fractions on top of the different cell types
the following medium was used: neurobasal medium
added with 2% (v/v) horse serum, 2% (v/v) B27-supple-
ment (GIBCO Invitrogen, Germany), 0.5 mM L-gluta-
mine, 25 UM B-mercaptoethanol, and 10 ng/ml rHu
BDNF (PromoKine, Germany). Cultures were stopped
after 3 days in vitro by cell fixation with 4% PFA in
PBS. Besides counting of motoneurons, the morphology
of the cells when cultured on different substrates was
evaluated with regard to neurite outgrowth behavior. For
visualizing differences in outgrowth behavior on the dif-
ferent cell layers, motoneurons were immunocytochemi-
cally identified using motoneuron-specific antibodies
against nonphosphorylated neurofilament-H/M (npNF-
H/M) [SMI32-R, Covance, USA, 1:1000 in PBS + 1%
BSA (Fraction V) (w/v) + 0.3% Triton X-100 (v/v); all
Sigma, Germany]. Cy3-conjugated goat anti-mouse IgG
(Jackson, USA, 1:400 in 1% BSA/PBS) was used to de-
tect bounded npNF-H/M antibodies. Cells were counter-
stained with 4’,6’-diamidino-2-phenylindole (DAPI, Sigma,
Germany), resulting in blue fluorescent nuclei in all cul-
tured cells. Schwann cells could be identified by oval
and smaller nuclei compared to the obviously bigger and
paler nuclei of osteoblasts after counterstaining with
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DAPI, resulting in blue fluorescent nuclei. And Schwann
cells were as well identified by S100 immunostaining
using rabbit anti-cow S100 antibodies (Dako, 1:200 in
PBS + 1% BSA + 0.3% Triton-X-100). Cy2-conjugated
goat anti-rabbit IgG (Union Carbide Chemicals and
Plastics Co., Inc., 1:200 in PBS) was used for detection.

In order to exclude bias of this experiment due to
difference in the developmental stage or age of the sub-
stratum cells we performed a control experiment. There-
fore, similar to motoneurons, neonatal rat DRG cells
were seeded on top of (XI) rat neonatal Schwann cells,
(XII) a mixed population of rat neonatal Schwann cells
plus human osteoblasts, or (XIII) human osteoblast mo-
nocultures.

Isolation, Enrichment, and Culture of Neonatal Rat
Schwann Cells

Neonatal rat Schwann cells were obtained from sci-
atic nerves of Sprague-Dawley rat puppies on P1-P3.
After digestion of the dissected nerves in an enzyme
mixture [0.175% (v/v) trypsin + 0.03% (v/v) collagen-
ase in Hank’s balanced salt solution; all PAA, Germany]
and primary seeding on poly-L-lysine (PLL)-coated
plastic culture surfaces (Nunclon™ Surface, Nunc, Ger-
many) most of contaminating fibroblasts were removed
by addition of arabinoside C (1 mM) for 2 days. Re-
maining fibroblasts were removed from the Schwann
cell cultures using immunopanning by incubation with
anti-Thyl antibody-coupled magnetic beads (Dynabeads,
Dynal, Denmark). Occasionally, the latter was repeated
once or twice and resulted in about 99% pure Schwann
cell cultures. Adjusting to the needs of Schwann cells in
coating of culture dishes, cocultures of osteoblasts with
neonatal Schwann cells and highly enriched neonatal
Schwann cells were seeded on PLL coated dishes.

Culture medium in theses cases was DMEM supple-
mented with 10% FCS, 2 mmol L-glutamine, 1 mmol
sodium pyruvat, penicillin/streptomycin (100 U/ml/100
png/ml) (all PAA, Germany) and 1 um forskolin (Calbio-
chem, Germany). Schwann cell purity was confirmed in
sister cultures by an immunocytochemical staining for
calcium binding protein S100, an intracellular Schwann
cell marker (15,17,27). Cy2-conjugated goat anti-mouse
IgG (Jackson, USA) was used as secondary antibody for
detection and was diluted 1:200 in 1% BSA in PBS.
Green fluorescence of secondary antibodies was visual-
ized using a fluorescent microscope (IX70, Olympus,
Germany). Cells were counterstained with DAPI, result-
ing in blue fluorescent nuclei.

Genetic Modification of Human Osteoblasts

For establishment of the transfection of osteoblasts,
we used the Nucleofector technology (Amaxa, Germany),
which enables nonviral gene delivery directly to the cell

HAASTERT ET AL.

nuclei, by using electrical parameters in combination
with cell-specific solutions. In screening experiments we
used the Rat Oligodendrocyte Nucleofector™ Kit, be-
cause there is no kit available for osteoblasts. The kit
comes with Nucleofector™ solution optimized for oligo-
dendrocyte precursor cells. We tested several transfec-
tion programs to check for high transfection efficiency
accompanied by good cell survival. We used 1.5 ug
plasmid DNA to transfect 1.5 million cells. As a reporter
gene, pEGFP-N2 was used, resulting in the production
of green fluorescent protein by the transfected cells. Us-
ing a fluorescent microscope (IX70, Olympus, Germany),
the percentage of transfected cells was calculated after
visualizing nuclei of all cells with DAPIL.

Statistical Analysis

Statistical tests were performed using the GraphPad
InStat Version 3.0 software (GraphPad Software, Inc.,
USA). For the different experiments different statisti-
cal tests were reasonable and will be mentioned in par-
ticular in the Results section. All data are presented as
mean * SD.

RESULTS

Table 1 summarizes all the different experiments and
cell combinations examined throughout this study. All
parts of the study were important for the establishment
of our new coculture system but, to strengthen the con-
tribution of our study to the field of cell transplantation
and tissue engineering for orofacial bone and nervous
tissue repair, not all results we be presented in detail.

In a first attempt we established monocultures of os-
teoblastic cells from human and rat origin. The impact
of osteoblastic cells when used as a cellular substrate for
neurons was tested with regard to sensory neuron sur-
vival and sensory neurite outgrowth. For the establish-
ment of our new cell culture system neonatal rat sensory
neurons could be easily obtained in high amounts from
dorsal root ganglia (DRG) of newborn rats.

To test modulating effects of adult Schwann cells on
neuron survival and neurite outgrowth, cocultures of os-
teoblastic cells and Schwann cells were established with
regard to the different needs of the different cell types in
vitro. Suitable culture conditions were determined that
allowed proliferation and maintenance of both cell types,
while at the same time preventing overgrowth of one
cell type by the other. In parallel we also tested the ef-
fect of Schwann cell monocultures and the noncellular
PORN-laminin as substrates for sensory neurons.

In another set of experiments we also evaluated the
survival and morphology of neurons of the motor sys-
tem. Therefore, we modified a well-established model
of embryonic rat motoneurons that are cultured on a
feeder layer of neonatal rat Schwann cells (15) and cul-
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Table 1. Experimental Design (Refer to Materials and Methods)

737

Neuron Type Seeded on Top

Motoneurons

Comment

Substratum Sensory Neurons
Rat adult osteoblasts @D+ (IVa)
Human adult osteoblasts (II) + (IVb) + (XIII)

Rat adult osteoblasts + rat adult (Va)
Schwann cells

Human adult osteoblasts + human adult (Vb)
Schwann cells

Rat adult Schwann cells (VIa)
Human adult Schwann cells (VIb)
Rat neonatal Schwann cells (XI)
Rat neonatal Schwann cells + human (X1I)
adult osteoblasts
PORN:-laminin (III) + (VIIa) + (VIIb)

Evaluation of possible interferences due to spe-
cies differences between substratum and

(X) seeded sensory neurons
(VII)
IX) Evaluation of possible interferences due to devel-

opmental stage or age of substratum cells
Noncellular substrate as control

tured the motoneurons as well on a mixed layer of neo-
natal rat Schwann cells plus human adult osteoblasts or
on a layer of human adult osteoblasts, respectively. To
evaluate the suitability of neonatal rat Schwann cells in
comparison to adult Schwann cells we also performed a
control experiment. Therefore, rat DRG cells were
seeded on top of mixed cultures of human osteoblasts
and rat neonatal Schwann cells and monocultures of
both cell types as described for motoneurons.

To enable future genetic modification of osteoblasts
to overexpress regeneration-promoting proteins, we
evaluated the Nucleofector™ technology for transfection
of osteoblasts with marker DNA to induce expression of
green fluorescent protein (GFP).

Survival of Sensory Neurons on Different
Cellular Substrates

First, survival of rat neonatal sensory neurons was
examined after seeding them on top of osteoblast mono-
layers as well as PORN-Laminin coating as control.
Within this part of the study we also examined a possi-
ble species effect. For this purpose rat neonatal sensory
neurons were cultured on cellular substrates from rat (I)
as well as from human (II) origin. There was no differ-
ence in sensory neuron survival after seeding the cells
on top of rat or human osteoblast monocultures. How-
ever, sensory neuron survival was significant higher on
these cellular substrates compared to (III) noncellular
PORN-laminin substrate (data not shown).

In a second attempt the suitability of monocultures of
osteoblasts as cellular substrate for sensory neurons was
compared with that of mixed cultures of osteoblasts and

adult Schwann cells as well as monocultures of adult
Schwann cells and noncellular PORN-laminin coating.
As summarized in Figure 1, we first evaluated the
survival of rat sensory neurons on rat cellular substrates
(Fig. 1A). No significant difference in the number of
B-1II-tubulin-immunopositive neurons was found 5 days
after seeding of 15,000 rat neonatal DRG cells on top of
(IVa) rat osteoblast monocultures (1662 = 621 cells),
(Va) a mixed population of rat osteoblasts and adult rat
Schwann cells (1498 + 866 cells), or (VIa) adult rat
Schwann cell monocultures (1135 £ 485 cells). Seeding
of rat neonatal DRG cells on (VIIa) a noncellular
PORN-laminin coating resulted in significantly less sur-
vival of B-III-tubulin-immunopositive neurons (609 £
322 cells, p < 0.05, unpaired #-test Welch corrected).
Second, survival of rat sensory neurons on human
cellular substrates was evaluated (Fig. 1B). Therefore,
data from two preparations of three or two sister cul-
tures, respectively, resulted in data from n =35 culture
wells per condition and were statistically analyzed by
the Mann-Whitney test. Seeding of approximately 15,000
neonatal rat DRG neurons on top of (IVb) human osteo-
blast monocultures resulted in 14988 = 2511 sensory
neurons that could be visualized by B-III-tubulin-immu-
nostaining after 2 days in cultures. (Vb) Mixed cultures
of human osteoblasts and adult human Schwann cells
provided significantly less survival of seeded sensory
neurons (11695 = 2173 B-II-tubulin-immunopositive
neurons, p < 0.05). However, the mixed culture substrate
provided still a significantly better survival of sensory
neurons compared to the (VIb) monocultures of adult hu-
man Schwann cells (5946 £ 1282 B-III-tubulin-immuno-
positive neurons, p < 0.005). After seeding of dissociated
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Figure 1. (A) Survival of sensory neurons cultured for 5 days on different rat cellular substrates and PORN-laminin as a noncellular
control. Unpaired #-test with Welch correction was used for statistical analysis. (B) Survival of sensory neurons cultured for 2 days
on different human cellular substrates and PORN-laminin. Mann-Whitney test was used for statistical analysis. Bars represent

means * SD.

DRG cells on top of (VIIb) PORN-laminin significantly
less sensory neurons survived compared to all other con-
ditions (3149 £ 268 sensory neurons, p < 0.01).

Morphological Evaluation of Rat Sensory Neurons
Cultured on Different Rat Cellular Substrates

To avoid bias, we analyzed a restricted subpopulation
of surviving sensory neurons with regard to morphologi-
cal criteria. Therefore, sensory neurons providing a soma
diameter of about 30 um were further analyzed. Mor-
phological data were statistically analyzed with an un-
paired z-test with Welch correction.

First, B-III-tubulin-immunopositive neurons that had
been cultured for 5 days on top of rat (I) versus human
(IT) osteoblast monocultures did not differ in their mor-
phological appearance, such as (i) number of neurites
extending from the cell somata, (ii) number of branches
of each neurite within an area of about 60 um around
the cell soma (doubled cell soma size), and (iii) length
of the longest neurite. Again, there were significant dif-
ferences in all of theses criteria when both conditions
were compared to (III) noncellular PORN-laminin sub-
strate, where sensory neurons were morphologically less
developed (p < 0.005).

Neonatal rat sensory DRG neurons were further ana-
lyzed with regard to morphological aspects after seeding
them on top of (IVa) rat osteoblast monocultures, (Va)
a mixed population of rat osteoblasts and adult rat
Schwann cells, (VIa) adult rat Schwann cell monocul-
tures, or (VIIa) noncellular PORN-laminin substrate.
The morphological appearance of neonatal rat DRG neu-
rons cultured on top of different rat cellular substrates is
shown in Figure 2A—C. No difference was found in (i)
number of neurites extending from the cell somata as
a mean of three neurites extended from DRG neurons
independently of the different rat cellular substrates
used. Seeded on PORN-laminin with only about one
process, significant less neurites extended from the soma
of the analyzed B-III-tubulin-immunopositive neurons

(1 £ 0.8 neurites, p < 0.05). The number of branches per
neurite (ii) is summarized in Figure 2D; processes of
sensory neurons cultured on top of (IVa) rat osteoblast
monocultures showed significant more branching (2.5
0.5 branches/neurite, n =88 neurons analyzed) com-
pared to neurons cultured on top of (Va) mixed popula-
tions of both rat cell types (1.6 = 0.4 branches/neurite,
n =89 neurons analyzed, p < 0.005) or (VIa) adult rat
Schwann cell monocultures (1.4 £ 1.1 branches/neurite,
n =101 neurons analyzed, p < 0.05). Branching of neu-
rites was significantly less on (VIIla) PORN-laminin
coating compared to a pure osteoblast substrate or a
mixed substrate of osteoblasts and Schwann cells (0.6
0.5 branches, p < 0.005). With regard to (iii) the lengths
of the longest neuronal processes (axon, Fig. 2E) of the
morphologically analyzed neurons, a significant differ-
ence was found for sensory axon outgrowth on (IVa) rat
osteoblast monocultures (703.1 = 74.3 um); here it was
significantly enhanced compared to sensory axon out-
growth on (Va) mixed populations of both rat cell types
(325.6 £ 99.1 um, p < 0.0001) or (VIa) adult rat Schwann
cell monocultures (325.4 £ 198.3 um, p < 0.005). A sig-
nificant decrease in length of the longest axon on (VIla)
PORN-laminin coating (259.1 +273.3 um) was as well
found when compared to the osteoblast monosubstrate
(p <0.05).

Evaluation of Motoneuron Survival on Different
Cellular Substrates

To analyze the impact of osteoblast cellular sub-
strates on the survival of rat motoneurons in vitro, this
paradigm was evaluated in a well-established model of
motoneurons cultured on a neonatal Schwann cell feeder
layer (15). In this particular part of the study rat embry-
onic motoneurons were seeded on top of (VIII) rat neo-
natal Schwann cells as the standard condition, (IX) on a
mixed population of neonatal rat Schwann cells with hu-
man osteoblasts, and (X) on top of human osteoblast
monocultures. Data from two preparations of three and
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Figure 2. Morphology of B-III-tubulin-immunopositive rat sensory neurons cultured for 5 days on top of (A) rat osteoblast monocul-
tures, (B) mixed cultures of rat osteoblast plus adult rat Schwann cells, or (C) rat adult Schwann cells. (D) Rat sensory neurons
showed most prominent branching of their extending neurites when cultured on top of osteoblasts. (E) Farthest elongation of
neurites/axons was observed after seeding of DRG neurons on top of osteoblasts. Bars represent means + SD. Unpaired #-test with
Welch correction was used for statistics.

six sister cultures each resulted in data from n =9 cul- blast monocultures (406 £ 170 cells, p <0.001). Even
ture wells per condition and were statistically analyzed mixed cultures of Schwann cells and osteoblasts pro-
by the Mann-Whitney test. Cells immunostained for vided a significantly better cellular substrate for moto-
nonphosphorylated (np)-neurofilament (NF)-H/M after 3 neurons when compared to an osteoblast monosubstrate
days in vitro were counted on a strip crossing the diame- (p <0.001). To confirm that the herein chosen standard
ter of the cell culture well. Figure 3 depicts motoneuron conditions with neurons cultured on neonatal Schwann
survival, which was significantly higher on (VIII) mono- cells compared to adult Schwann cells was without ef-
cultures of rat neonatal Schwann cells (1805 £ 355 cells) fect on neuron survival, we also analyzed sensory neu-
compared to survival on (IX) mixed cultures of both cell ron survival under the same conditions as used for moto-
types (1246 = 736 cells, p < 0.05) and (X) human osteo- neurons (XI-XIII). Like before in experiments with the

use of adult rat Schwann cells as cellular substrate, no
significant differences between surviving sensory neu-

Survival of motoneurons neurons ron numbers on different cellular substrates were found.

on different celiular substrates
. —ono-cuture. of Observations on the Neurite Qutgrowth Behavior
F 3 g neonatal rat Schwann cells of Motoneurons on the Different Cellular Substrates
I H zez Mixed culture of
£ P alls The cultured motoneurons (np-NF-H/M-immunopos-
c$ [ Mono-culture of itive cells) showed a typical tripolar morphology with
2 H human osteoblasts . . . .
52 *x % p <0001 extending neurites to several directions when cultured
5‘2 * p<005 on (VIII) Schwann cells (Fig. 4A). Extending neurites

were mainly growing along the Schwann cells when mo-

. . toneurons were cultured on a (IX) mixed monolayer of
Figure 3. Survival of embryonic rat motoneurons 3 days after (IX) Y

seeding on top of different cellular substrates of human osteo- O.steoblasts and Schwann cells (Fig. 4B). An untypical
blasts and neonatal Schwann cells. Bars represent means £ SD. bipolar shape of cultured motoneurons was found after

Mann-Whitney test was performed for statistical analysis. seeding on top of (X) osteoblasts alone (Fig. 4C). To
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Figure 4. Neurite outgrowth behavior of embryonic rat motoneurons (A—C, red fluorescence of np-NF-H/M immunopositivity) and
rat sensory neurons (D-F, red fluorescence of B-III-tubulin immunopositivity) cultured on neonatal rat Schwann cells (A, D), mixed
cultures of neonatal rat Schwann cells plus human osteoblasts (B, E), or human osteoblasts alone (C, F). To distinguish osteoblasts
from Schwann cells, the latter can be identified by intense S100 immunopositivity (D, E, G, H, green fluorescence) and small, oval
nuclei in DAPI staining (D, E, G, H, blue fluorescence) while osteoblasts showed only slight background staining (H, I) and large,

more pale nuclei (B, H, white arrows).

clarify if differences in fiber outgrowth could be due
to species differences, motoneuron substrate conditions
were additionally used for sensory neurons. Morphology
of sensory neurons (B-III-tubulin-immunopositive cells)
cultured for 5 days on either (XI) rat neonatal Schwann
cells (Fig. 4D), (XII) mixed cultures of both cell types
(Fig. 4E), or (XIII) human osteoblasts (Fig. 4F) did not
show any preference of extending neurites to grow along
a certain cell type. For this observation Schwann cells
and osteoblasts could be distinguished by the sizes of
their nuclei after DAPI staining. Osteoblasts provide
larger and paler nuclei compared to the more oval,
smaller, and more intense stained nuclei of Schwann
cells (Fig. 4B, H). Schwann cells could be additionally
identified by S100 immunostaining (Fig. 4D, E, G, H),

although some osteoblasts showed a weak background
staining (Fig. 4H, I).

Transfection of Human Osteoblasts

We screened the transfection efficiency of several
electrical programs that could be used for transfection
of primary cells with the help of the Nucleofector™
technology. In a first attempt each program was tested
only once and analyzed with regard to transfection effi-
ciency and cell survival of human osteoblasts. Combin-
ing the Rat Oligodendrocyte Nucleofector™ Kit with the
use of program T30 resulted in 29.7% transfected cells
and 56% cell survival after nucleofection. This combina-
tion was the most promising with regard to high cell
numbers for cell expansion after transfection and num-



DEVELOPMENT OF MIXED TISSUE-ENGINEERED CONSTRUCTS

ber of transfected cells, compared to the use of program
T20 (21.6% transfection, 93% survival), V20 (43% trans-
fection, 37% survival), or X05 (20.8% transfection,
63.7% survival). In a second attempt we optimized the
use of program T30 and found a transfection efficiency
of 36.5+2.5% (n=3 sister cultures) in human osteo-
blasts (Fig. 5).

DISCUSSION

The aim of the current study was to establish a cocul-
ture system of osteoblasts and Schwann cells for future
investigation of tissue-engineering approaches in recon-
struction of bone tissue and adjacent peripheral nerves.
Neither Schwann cells and osteoblasts nor neurons and
osteoblasts are physiologically direct neighbors in vivo.
However, sensory dendritic axons as well as motor ax-
ons build the nerve fibers of peripheral nerves that cross
or penetrate maxillofacial bone tissue and thus can be
destroyed by trauma or ablative tumor surgery together
with the bone tissue itself. With regard to optimized
conditions for reconstruction, not only fast remodeling
of bone structures but also promoted outgrowth of re-
generating nerve fibers from affected sensory neurons
and motoneurons is crucial for complete functional re-
covery. This study shows for the first time differential
effects of osteoblastic cells on sensory neurons and mo-
toneurons, which have been seeded on top of bone cells.

With regard to neuron survival we show here that
osteoblasts do not suppress but even promote sensory
neuron survival. When cultured on human or rat cellular
substrates rat sensory neurons showed a better survival
on osteoblasts compared to adult Schwann cells. Osteo-
blasts even provided a rescue effect for sensory neurons

Figure 5. Genetically modified human osteoblasts expressing
green fluorescent protein (arrows) as a marker protein for suc-
cessful transfection, counterstained with DAPI (nuclei show-
ing presence of untransfected cells as well).
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when cultured in mixed populations with adult Schwann
cells. Furthermore, neurite outgrowth of sensory neurons
was promoted while growing on an osteoblastic cell mo-
noculture compared to mixed cultures of adult osteoblas-
tic cells and adult Schwann cells or adult Schwann cell
monocultures.

In contrast, the opposite effect was seen for rat moto-
neurons. Survival of motoneurons was significantly re-
duced after seeding of these cells on top of mixed cul-
tures of osteoblasts and Schwann cells or osteoblastic
cell monocultures compared to Schwann cell mono-
layers. In addition, motor neurites showed a suppressed
outgrowth on top of mixed cultures of osteoblasts and
Schwann cells where the neurites extended preferen-
tially along the Schwann cell surfaces.

We do not assume that the clear differential effects of
rat neurons cultured on human cellular substrates were a
consequence of species differences, because for sensory
neurons similar effects were seen in survival and neurite
outgrowth behavior after seeding on rat cellular sub-
strates. Neurite outgrowth behavior of rat sensory neu-
rons cultured on the same substrates from rat and human
sources as motoneurons showed also no alteration. It is
likely that osteoblasts provide a good substrate for sen-
sory neurons. Ingrowth of neurites originating from cal-
citonin gene-related protein-immunopositive sensory DRG
neurons in bone grafts in vivo, for example, has already
been reported to possibly optimize the environment for
bone regeneration (25). In contrast, it would not be rea-
sonable to guide motor axons into regenerating bone,
as bone is not a physiological target tissue for motor
innervation. There is also a growing body of evidence
supporting a cross-talk between sensory neurons and os-
teoblastic cells during development and bone repair via
certain neuropeptides (10,12,23). During development
neuropeptides released from sensory terminals seem to
promote new bone formation by stimulating osteoblasts
and inhibiting osteoclasts (10). A receptor-mediated in-
teraction between neuronal mediators and osteoblasts
that express the respective receptors such as neurokinin
receptors may affect bone remodeling during tissue res-
toration in vivo (12). Furthermore, the local regulation
of bone turnover at the fracture site is discussed to be
elicited by a neuroendocrine response driven by infor-
mation about local physical and chemical conditions in
the healing fracture mediated via peripheral nerve end-
ings to the central nervous system (23). Thus, given the
fact of a physiological relationship between sensory neu-
rite and regenerating bone tissue, our finding of well-
growing sensory neurites on an osteoblast cellular sub-
strate in vitro is not so surprising.

However, our investigations clearly demonstrate that
an optimized implant for bone reconstruction and paral-
lel regeneration of adjacent mixed or motor nerves will
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need both osteoblasts and Schwann cells in a cell-based
tissue-engineering therapy. The presence of Schwann
cells will be particularly needed for reconstruction of
bone and nervous tissue after substantial lesion of the
mandible and the adjacent mixed mandibular nerve (in-
ferior alveolar nerve and mylohyoideal nerve) or trau-
matic orbital apex syndrome where pure motor nerves
are affected (43).

To further enhance the impact of tissue-engineered
implants on regeneration processes, the combination of
a cell-based with a factor-based therapy is favorable
(34). Our paradigm aims in ex vivo gene therapy, where
genetically modified cells will be produced in vitro prior
to subsequent implantation at the site of injury (8). Seed-
ing genetically modified osteoblasts and Schwann cells
in reconstructive implants will provide a prolonged de-
livery of biologically active proteins at the site of injury.
A drawback of factor-based therapies so far is the diffi-
culty to induce the right dosage of a protein over pro-
longed periods (e.g., by the use of biocompatible scaf-
fold materials loaded with certain proteins) that is due
to short half-life of the proteins (36). The feasibility to
transfect neonatal as well as adult Schwann cells to
overproduce fibroblast growth factor-2 (FGF-2) with re-
gard to cell- and factor-based therapies for peripheral
nerve regeneration as well as its in vivo effects have
been shown by our group previously (16,17,27,38). Fur-
thermore, a rat model has been established to success-
fully demonstrate that the method of somatic gene trans-
fer by implantation of genetically modified Schwann
cells that overexpressed FGF-2 into the transected adult
rat sciatic nerve increases peripheral nerve regeneration
across long gaps (16,38).

Thus, at least for the peripheral nervous system, it
has been shown already that the three main concepts of
tissue-engineering can be combined by transplanting
cells (cell-based therapy) that have been genetically
modified to produce or overproduce certain regenera-
tion-promoting proteins (factor-based therapy) into
nerve bridges filled with extracellular matrix (matrix-
based therapy) components. FGF-2 is also a promising
candidate for enhancement of bone reconstruction as it
is a key regulator of osteogenesis (31). FGF-2 is ex-
pressed in granulation tissue during fracture healing and
it increases cell migration and angiogenesis at early
stages of bone repair. Furthermore, there are studies in-
dicating an increased bone repair rate after application
of exogenous FGF-2 while endogenous FGF-2 is impor-
tant for maintenance of bone mass (20). Thus, the delivery
of exogenous FGF-2 at the lesion site increases integration
of allogene bone transplants in rats in a dose- and time-
dependent manner (40). Local infusion of FGF-2 in bone
chamber experiments in rabbits did elucidate an impor-
tant role for FGF-2 in balancing growth of new bone to
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resorption of overgrown bone tissue in bone healing (11).
To enable somatic gene transfer by osteoblasts within
tissue-engineered constructs a nonviral method for ge-
netic modification was evaluated in this study. To our
knowledge, the Nucleofector™ technique was used for
the first time in adult human osteoblasts and resulted
in high transfection rates accompanied by sufficient cell
survival. Nonviral transfection of osteoblastic cells has so
far been used for the investigation of transcriptional pro-
cesses in these cells (39). Most gene therapy-related inves-
tigations used viral transduction (8), a highly effective
method but from our experiences also a controversially
discussed method with regard to its clinical application.

In summary, we present here a nonviral transfection
protocol for human adult osteoblasts together with a new
coculture system consisting of osteoblasts and Schwann
cells that will be used in the future to investigate the
effects of growth factor producing genetically modified
osteoblasts and Schwann cells on bone formation and
neuronal cell survival and neurite outgrowth behavior.
For future investigations, besides the use of neonatal
sensory neurons, the use of adult sensory neurons iso-
lated from rat (13) or human DRG is also planned.

Our newly established system so far serves as a basis
for the development of innovative tissue-engineered
constructs for rapid bone reconstruction and parallel en-
hanced regeneration of adjacent peripheral nerves.
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