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USE OF ADIPOSE-DERIVED STEM CELLS TO FABRICATE

SCAFFOLDLESS TISSUE-ENGINEERED NEURAL CONDUITS IN VITRO
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Abstract—Peripheral nerve injuries resulting from trauma or
disease often necessitate surgical intervention. Although the
gold standard for such repairs uses nerve autografts, alter-
natives that do not require invasive harvesting of autologous
nerve tissues are currently being designed and evaluated. We
previously established the use of scaffoldless engineered
neural conduits (ENCs) fabricated from primary cells as one
such alternative in sciatic nerve repair in rats [Baltich et al.
(2010) In Vitro Cell Dev Biol Anim 46(5):438–444]. The pres-
ent study establishes protocols for fabricating neural con-
duits from adipose-derived stem cells (ASCs) differentiated
to either a fibroblast or neural lineage and co-cultured into a
three-dimensional (3-D) scaffoldless tissue-ENC. Addition of
ascorbic acid-2-phosphate and fibroblast growth factor
(FGF)-2 to the medium induced and differentiated ASCs to a
fibroblast lineage in more than 90% of the cell population, as
confirmed by collagen I expression. ASC-differentiated fibro-
blasts formed monolayers, delaminated, and formed 3-D con-
duits. Neurospheres were formed by culturing ASCs on non-
adherent surfaces in serum-free neurobasal medium with the
addition of epidermal growth factor (EGF) and FGF-2. The
addition of 10 ng EGF and 10 ng FGF-2 produced larger and
more numerous neurospheres than treatments of lower EGF
and FGF-2 concentrations. Subsequent differentiation to gli-
al-like cells was confirmed by the expression of S100. ASC-
derived fibroblast monolayers and neurospheres were co-
cultured to fabricate a 3-D scaffoldless tissue-ENC. Their
nerve-like structure and incorporation of glial-like cells,
which would associate with regenerating axons, may make
these novel, stem cell-derived neural conduits an efficacious
technology for repairing critical gaps following peripheral
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Peripheral nerve trauma affects 1 in 1000 people resulting
in tissue morbidity and decreased quality of life (Shokouhi
et al., 2008). These traumas can lead to gaps of damaged
nerve tissue between viable nerve sections, which result in
a loss of function. Although less significant injuries can be
repaired without surgical intervention, injuries that lead to
critical nerve gaps require grafts to direct neural regener-
ation. Autologous nerve grafts from either hosts (autograft)
or non-hosts (allograft) are capable of bridging large nerve
gaps (Ray and Mackinnon 2010). Autologous nerve grafts
are considered the “gold standard” for repairing transected
nerves in the peripheral nervous system (Lundborg, 1988;
Meek and Coert, 2007; Schmidt and Leach, 2003). How-
ver, autologous nerve grafts possess several limitations.
he process of harvesting an autograft involves a separate
urgical procedure and can lead to loss of function, donor
ite neuroma, pain, and scarring (Taras et al., 2005). Ad-
itionally, there is a finite amount of nerve tissue available
or grafting (Millesi, 1991). In contrast, allografts may lead
o complications associated with host rejection (Ray and
ackinnon 2010). Because these limitations, considerable

esearch has been devoted to design alternative technol-
gies to bridge critical nerve gaps. Biological and synthetic
onduits have been engineered to possess the attributes
f autologous nerve grafts without the limitations of avail-
bility, donor site morbidity, and the need for two surgical
rocedures (Taras et al., 2005).

To overcome the limitations of both grafts and current
caffold-based conduit alternatives, our laboratory has
reviously fabricated three-dimensional (3-D) scaffoldless
ngineered neural conduits (ENCs) using primary fibro-
lasts and embryonic-derived neural cells (Baltich et al.,
010). The ENC is similar in structure to native nerve,
onsisting of a connective tissue exterior sheath and an

nner nerve network. The efficacy of the scaffoldless 3-D
NCs in allowing axonal regeneration across a 10-mm
erve gap in the tibial nerve of adult Fisher F344 rats has
een evaluated. Although the ENC allowed for axonal
egeneration through the 10-mm nerve gap, it was not as
fficacious as an autograft in repairing the injured site but
evertheless succeeded in demonstrating a proof of con-
ept of scaffoldless neural cell approaches to nerve repair.
etal cells are not a relevant cell source for translating
hese technologies to the clinic; therefore, our laboratory
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shifted focus to the fabrication of ENCs from differentiated
adipose-derived stem cells (ASCs). Both embryonic-de-
rived neural cells and ASCs eliminate the need for au-
tograft harvesting. ASCs additionally offer a clinically rele-
vant option.

Mesenchymal stem cells (MSCs) are adult marrow-
derived and non–marrow-derived stem cells noted for their
capability to differentiate into multiple tissue lineages. Al-
though bone marrow was the original and most common
site for isolating MSCs, stem cell investigations have un-
dergone a paradigm shift with current research focusing on
the isolation, characterization, and use of ASCs as a cell
source for tissue engineering (Mosna et al., 2010; Zhu et
al., 2008). Characterization of MSC cell surface markers
varies with the tissue harvested (adipose-derived tissue
vs. bone marrow-derived tissue), and variability has been
shown between research groups (Mosna et al., 2010).
However, bone marrow-derived stem cells have typically
been consistent in positive expression of CD90, CD105,
and CD73. The level of expression of these markers in
ASCs has not been consistent or reliable for identification.
Recently, it has been suggested that surface marker
CD271 (p75NTR) is not only located on both adipose- and
bone marrow-derived stem cells but could also be used as
a sole identifying marker for these cells from the hetero-
geneous population of cells isolated from bone marrow or
adipose fat pads (Griesche et al., 2010; Flores-Torales et
al., 2010).

In both animal and human trials, ASCs have been
shown to have promising repair potential. ASCs are cur-
rently being investigated in trials involving tissue healing
after radiotherapy and treatment of recurrent Crohn’s fis-
tulae (Locke et al., 2009). Undifferentiated ASCs have
been shown to increase nerve regeneration in conduit-
based peripheral nerve repair studies (Santiago et al.,
2009). Additionally, differentiated ASCs are being evalu-
ated as fat grafts in reconstruction therapies, as bone
grafts in osseous defects, as chondrogenic grafts in joint
disease and cartilage regeneration treatments, and as
neuronal support in regeneration of axons in the peripheral
nervous system resulting from peripheral nerve injuries
and deficits in the CNS caused by cerebral ischemia
(Locke et al., in press). In some cases, the incorporation of
ASC-derived neural cells into conduits restored nerve
function better than conduits incorporated with Schwann
cells (di Summa et al., 2011).

The purpose of this study was to permanently induce
ASCs to fibroblast and neural lineages and to co-culture
these cells to fabricate and characterize an ENC derived
solely from ASCs. This study combines the approach of
using stem cells in nerve repair technologies with a re-
cently developed technique from our laboratory for fabri-
cating scaffoldless neural conduits (Radtke et al., 2009;
Baltich et al., 2010). In this study, we demonstrate the
differentiation of ASCs to fibroblastic and neural lineages,
establishment of a co-culture of both cell types, and co-

culture fabrication into a 3-D scaffoldless ENC.
EXPERIMENTAL PROCEDURES

Animals and animal care

Female Fischer 344 retired breeder rats (Charles River Laborato-
ries, Wilmington, MA, USA) were used to obtain subcutaneous
inguinal adipose fat deposits. All rats were acclimated to the
established light cycle, temperature, and feeding schedules of our
animal colony for 1 week before tissue dissection. All animal care
and animal dissections were in accordance with the Guide for
Care and Use of Laboratory Animals, limiting the number of ani-
mals used as well as any associated pain (Public Health Service,
19965, NIH Publication No. 85-23).

Isolation of ASCs

The ASC isolation protocol is derived from the isolation techniques
described in Yamamoto et al. (2007) and Gronthos et al. (2001).
Briefly, excised adipose tissue was stored in a transfer medium
(TM) [Dulbecco’s phosphate-buffered saline (DPBS, Invitrogen),
2% antibiotic/antimycotic (ABAM, Invitrogen)] and placed in an
ice bath until processed. The adipose tissue was removed from
the TM and rinsed in 70% EtOH and DPBS. After rinsing, the
adipose tissue was finely minced using forceps and a razor blade.
The minced tissue was then placed in dissociation medium (DM)
[DPBS, 1% trypsin (0.25%)/EDTA (Invitrogen) and 0.1% collage-
nase I (Invitrogen) filtered through a 0.22 �m Steriflip (Millipore)]
nd set in a 37° shaking water bath for 20 min. Once dissociation
as complete, the buoyant top layer, containing undissociated
dipose tissue, was removed and the remnant was filtered
hrough a 70-�m mesh filter. The sample was then centrifuged at
00�g for 10 min, the supernatant was aspirated, and the pellet
as resuspended in growth medium (GM) [Dulbecco’s modified
agle medium (DMEM, Invitrogen), 20% fetal bovine serum (FBS,
nvitrogen); 1% ABAM] supplemented with 6 ng/ml fibroblast
rowth factor (FGF)-2 (PeproTech). The cell suspension was
replated for 4 h at which point the medium was changed, remov-

ng and discarding non-adherent cells. This ASC passage 0 cul-
ure was refed 4 days later with FGF-2–supplemented GM. The
SC culture was then fed FGF-2–supplemented GM every other
ay until the monolayer became �90% confluent at which point
he cells were passaged. The purity of the cell population was
romoted by repeated passaging and by forcefully rinsing the
ewly seeded ASCs within the first few hours after passaging to
llow for the more adherent cells to attach as recommended
Locke et al., in press). ASCs were passaged three times before
eing used in any differentiation protocol. Undifferentiated ASCs
t passage 3 were fixed and assessed for the expression of cell
urface markers CD90 and CD271.

Undifferentiated ASCs were continually passaged in GM sup-
lemented with 6 ng/ml FGF-2 until they were induced into a
broblast or nerve lineage as described later. To test the rate of
roliferation when FGF-2 was supplemented in the GM, 50,000
ndifferentiated ASCs were seeded in a 48-well plate and given
M with and without FGF-2. To allow the ASCs to reach their first

ogarithmic growth phase, ASCs were fed for 4 days before being
ounted (Zhu et al., 2008). The doubling time (Td) was assessed

to determine the rate of proliferation. Td was calculated using time
of seeding (t1), time of assessment (t2), seeding cell density (q1),
nd living cells at t2 (q2) in the following equation.

Td � (t2 � t1) ●
log 2

log�q2�q1�
Cell viability was confirmed using Trypan Blue stain (Gibco)
during cell counting.
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Fibroblast differentiation

The cell source for fibroblast differentiation was a portion of un-
differentiated ASC plates once they had been passaged three
times. The ASCs were seeded in 60-mm tissue culture-treated
plates at approximately 400,000 cells. ASCs were seeded in GM
supplemented with 6 ng/ml FGF-2 and 130 �g/ml ascorbic acid-
2-phosphate (AA2P) with 50 �g/ml proline (Sigma Aldrich). Plates
were fed supplemented GM every other day for at least 5 days
until the monolayer reached �90% confluence. At this confluence
level, several plates of cells were fixed in 4% paraformaldehyde
(PFA) and stained for collagen 1 to validate the induction and
differentiation into the fibroblast lineage. The remaining plates
were used to fabricate conduits.

The optimal concentration of FGF-2 and AA2P to induce
ASCs to fibroblasts was evaluated by growing ASCs in GM with
different concentrations of both growth factors. The initial concen-
trations of 6 ng/ml FGF-2 and 130 �g/ml AA2P were established
previously (Ma et al., 2009). Concentrations of 6, 3, and 0 ng/ml
FGF-2 were tested in combination with 130, 65, and 0 �g/ml

A2P. Fifty thousand undifferentiated ASCs were seeded in a
8-well plate and fed GM with FGF-2 and AA2P for 3 days at
hich time plates were fixed with 4% PFA and stained for collagen
(Col1). Optimal concentrations of FGF-2 and AA2P were deter-
ined by measuring the percent of Col1-positive cells produced.

Adipose-derived stem cell engineered fibroblast
conduit (aEFC) fabrication

Following 5–7 days on GM, the fibroblasts became confluent
monolayers of cells. Once the ASCs were induced to a fibroblast
lineage and reached �90% confluence, the medium was switched
to differentiation medium (DM) [DMEM, 7% horse serum (Invitro-
gen), 1% ABAM] supplemented with 6 ng/ml FGF-2, 130 �g/ml
AA2P with 50 �g/ml proline, and 12 ng/ml transforming growth
actor (TGF)-�1 (PeproTech). The supplemented DM was
changed every other day for 7–10 days until the edges of the
monolayer were observed to start to delaminate as a result of the
passive tension of the fibroblasts. If unconstrained, the passive
tension in the monolayer would eventually result in full delamina-
tion from the plate and contraction into a spherical mass of tissue.
However at the onset of delamination, the fibroblast monolayer
was transferred to a sylgard-coated dish (WPI), and constraint
pins were placed in the dish such that the monolayer rolled into a
cylindrical form, which could then be used as a conduit. The
monolayer was then held 16–24 mm apart in the dish using
minutien constraint pins. The forming aEFCs� were fed GM every
other day until the conduits were observed to become taut at
which point they were frozen in Tissue Tek (Fisher) and preserved
for histology.

Neurosphere induction

The neurosphere induction protocol was derived from methods
used by Radtke et al. (2009) and Bunnell et al. (2008). ASCs were
obtained from primary ASC culture at passage 3 or later. ASCs
were seeded on Pyrex plates (Falcon) at 1000 cells/ml of neural
basal medium (NBM) supplemented with 1% N2 (Invitrogen), 1%
ABAM, 1% B27 (Invitrogen), 10 ng/ml epidermal growth factor
[EGF (Invitrogen)], and 10 ng/ml FGF-2. N2 and B27 are com-
monly used, serum-free, growth factor cocktails, which are used to
promote and sustain neural growth. Neurosphere cultures were
observed for 3 days, replenishing EGF and FGF-2 each day. The
concentrations of EGF and FGF-2 needed to induce ASCs to
neurospheres were evaluated by observing the amount and size
of the neurospheres produced when varying concentrations were
added to the induction medium. Fifty thousand undifferentiated
ASCs were seeded on sylgard-coated 12-well plates in NBM

supplemented with N2, ABAM, B27, and various concentrations of w
EGF and FGF-2. On day 3, phase contrast images were taken to
assess the count and size of neurospheres. These neurospheres
were then transferred to adherent tissue culture-treated dishes to
induce glial-like cell differentiation.

To differentiate neurospheres to glial-like cells, free-floating
neurospheres were collected and centrifuged at 800�g for 10 min.
Pelleted neurospheres were resuspended in NBM supplemented
with B27. These cultures were fed B27-supplemented NBM every
other day for 7–10 days either on tissue culture-treated dishes
(then fixed for histology) or on top of an ASC-induced fibroblast
monolayer for aENC formation.

Neurosphere differentiation into glial-like cells was accom-
plished using differentiation medium [(DM), NBM supplemented
with 1% B27, 1% ABAM, and 1% N2]. To test the effects of serum
and growth factors on neurospheres, experimental treatments
were fed DM with 10% FBS, DM with 10 ng/ml EGF and 10 ng/ml
FGF-2, or serum-based GM. The neurospheres were fed DM for
3 days at which point the neurospheres were assessed for ability
to attach and extend neural processes. Successful differentiation
was determined by the size and number of neurospheres pro-
duced as well as the presence of neural processes and neural
marker S100.

aENC fabrication

After ASC-induced fibroblast monolayers reached �80% conflu-
ence on GM, neurospheres were seeded on top of them. The
co-culture was fed NBM supplemented with B27, so as to allow for
expansion of the neural cells while simultaneously arresting the
growth of the fibroblasts. After 7–10 days, a neural network was
established and the cells were fed FGF-2–supplemented and
AA2P-supplemented GM to recover the fibroblasts. After �3 days,
the medium was switched to TGF-�1–supplemented and AA2P-
supplemented DM, as in the case of the aEFCs. The supple-
mented DM was changed every other day for 7–10 days until the
edges of the monolayer were observed to start to delaminate, at
which point the monolayer was manually formed into a cylinder,
transferred to a sylgard-coated dish, and pinned in place. Once
pinned, the aENCs were fed GM until taut, at which point they
were frozen in Tissue Tek and preserved for histology.

Histology

For immunohistochemical analysis, cell populations were rinsed in
DPBS (three times for 10 min each) then fixed with 4% PFA for 45
min. Cells were permeabilized with 0.2% Triton X-100 (Sigma) for
10 min, followed by a 30 min blocking step in 5% donkey serum
(Sigma). Cells were incubated overnight at 4 °C with primary
antibodies [Col1, S100 (Santa Cruz), CD90, or CD271 (Abcam)] at
a dilution of 1:100. They were then incubated with AlexaFluor 488-
or 555-conjugated secondary antibodies (Abcam) for 1 h at room
temperature, followed by incubation with 2% DAPI for 5 minutes.
Fluorescent and phase images were acquired using a Leica
DMIRB inverted microscope fitted with an Olympus DP30BW
high-sensitivity gray-scale CCD camera. Images were captured at
5�, 10�, or 40� objectives.

Statistics

Statistical comparisons were performed using values of
means�standard error (SE) to determine statistical signifi-
cance. When two groups were compared, the student’s T-test

as performed. Comparisons of three groups or more were
erformed by one-way ANOVA tests. Statistical significance
as recognized at P�0.05. Differences yielding a P�0.001

ere also noted in the figures.
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RESULTS

Isolation of ASCs

The ASCs were observed to have spindle-shaped mor-
phology, beginning at passage 0 and through passage 12
(Fig. 1). Undifferentiated ASC populations from passage 0
exhibited negative staining for adipocyte dye, Oil Red O
(Sigma Aldrich). Immunohistochemical analysis revealed
that undifferentiated ASC populations from passage 3
stained positive for surface markers CD90 (98%) and
CD271 (96%).

Optimizing proliferation with FGF-2

Our current protocol uses GM supplemented with FGF-2 to
increase the rate of proliferation of the undifferentiated
ASCs. Rate of proliferation or Td was calculated for prolif-
eration experiments in GM with and without FGF-2. The
total cell count after 3 days in vitro was taken and com-
pared with the initial seeding density using the Td equation
Zhu et al., 2008). The Td values were entered on a scatter
lot to assess the changes in proliferation rates of ASC

Fig. 1. Spindle-shaped morphology of undifferentiated ASCs at pas-
age 3. Phase contrast at 40� magnification (A). Doubling time (Td) of

ASCs at different passage number and with or without the addition of
FGF-2 added to the growth medium (B). The addition of FGF-2 to
undifferentiated ASCs significantly decreased their Td. The statistical
ignificance of the addition of FGF-2 to undifferentiated ASCs in-
reased in later passages as compared with earlier passages.
P�0.05, compared with treatments with 6 ng/ml FGF-2.
opulations at passages 1, 9, and 20, both with and with-
ut the addition of 6 ng/ml FGF-2 (Fig. 1B). Proliferation
as slower for cells at later passages. ASCs, which were
iven FGF-2, decreased Td by 20% in passage 1 and 9,

and by 25% in passage 20.

Fibroblast differentiation

During the induction phase of fibroblast differentiation
(between 5 and 7 days) and before reaching confluence,
over 90% of the differentiated ASCs expressed the fi-
broblast marker Col1 (Fig. 2A). The effects of varying
concentrations of FGF-2 and AA2P with proline on fibro-
blast induction and differentiation were quantified by
calculating the percentage of cells staining positively for
Col1 (Fig. 2C). Treatments with no growth factors or only
FGF-2 (6 ng) resulted in a minimal percentage of Col1-
positive cells [5–10% (Fig. 2B)]. The addition of 6 ng of
FGF-2 increased the Col1-positive cell population to
73%. The treatment using only AA2P (130 �g) with
proline (50 �g) and no FGF-2 increased fibroblast dif-
ferentiation to 50% Col1-positive cells. Thus, the optimal
concentrations of growth factors for differentiation were
130 �g of AA2P with 50 �g proline and 6 ng FGF-2,

Fig. 2. Percentage of ASCs differentiated to fibroblasts. Differentia-
tion of ASCs to fibroblasts was observed by the presence of colla-
gen-1. Col1 (red) and DAPI (blue) at 40� magnification in control
treatments, given no FGF-2 or ascorbic acid 2-phosphate (A) and in
the optimal treatment, given 130 �g AA2P and 6 ng FGF-2 (B).

ol1-positive cells were counted and compared with the total number
f cells using DAPI to determine the percent differentiated (C). Differ-
ntiation medium with no FGF-2 and AA2P was used as a negative
ontrol, 4%. The addition of just FGF-2 increased the fibroblast differ-
ntiation of ASCs to 9%. The addition of any amount of AA2P with or
ithout FGF-2 resulted in 50–60% Col1-positive ASC-induced fibro-
lasts. Differentiation medium, which included both FGF-2 and AA2P
51–90%), gave rise to significantly more fibroblasts than media with
nly FGF-2 (9%). * P�0.05, compared with negative control; †

P�0.05, compared with treatment with no AA2P and 6 ng/ml FGF-2.
For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.
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which resulted in 90% Col1-positive cells. Once conflu-
ent and fed DM, the fibroblast monolayer was observed
undergoing delamination due to the switch to low serum
media (Fig. 3A). The monolayer was manually formed
into a cylinder and held in place by constraint pins. The
conduit remodeled into a 16 –24-mm long fibroblast con-
duit, referred to as an aEFC (Fig. 3B).

Neurogenesis

Neurosphere aggregates were observed to form on -ad-
herent Pyrex® plates in EGF- and FGF-2–supplemented

Fig. 3. Delamination (marked by arrows) of the ASC-derived fibroblast
onolayer from the edges of the tissue culture plate (A). Three-
imensional formation of aEFC (engineered fibroblast conduit fabri-
ated only from ASC-derived fibroblasts) at 16 mm length in vitro held

in place by constraint pins (B).

Fig. 4. Neurospheres were observed as free-floating aggregates of ce
(B). On day 3, more cells were observed attaching to the plate (C). By

neural processes (D). Phase contrast at 40� magnification.
serum-free NBM (Fig. 4A). When transplanted to an
adherent surface and fed NBM without supplemented
growth factors, the neurospheres attached and formed
neural processes (Fig. 4B–D). These glial-like cells were
shown to be distinct from the ASC-derived fibroblasts in
co-culture, staining negative for Col1 and positive for
S100 (Fig. 5B).

Neurosphere induction was tested using nine combi-
nations of 0, 5, and 10 ng/ml of both EGF and FGF-2. The
number and cross-sectional area of neurospheres per well
were calculated (Fig. 6). When both EGF and FGF-2 were
absent from the induction medium, no neurospheres were
observed. It was observed that the concentration of 10
ng/ml EGF in combination with 10 ng/ml FGF-2 was opti-
mal for neurosphere induction (Fig. 6). With treatments
using less than 10 ng/ml EGF and 10 ng/ml of FGF-2,
fewer and smaller neurospheres were observed. Treat-
ments with only EGF supplementation gave rise to larger
neurospheres (432 �m2) than treatments with only FGF-2
(158 �m2). The treatments with 10 ng/ml of EGF in com-
ination with either 10 ng/ml or 5 ng/ml of FGF-2 gave rise
o the largest neurospheres (675–750 �m2). However, the
reatment with 10 ng/ml of EGF and 10 ng/ml of FGF-2
roduced significantly more neurospheres (1.06�105)

than treatments of 10 ng/ml of EGF with only 5 ng/ml of
FGF-2 (3.75�104).

The glial-like cell differentiation of neurospheres was
onfirmed by the presence of S100-positive cells (Fig. 5B).
hen neurospheres were seeded in serum-based medium

GM or NBM with 20% FBS), one of two observations was
ade. Either the cells did not attach to the dish or the

esulting cells returned to a spindle-shaped undifferenti-
ted morphology with no processes. Neurospheres

hich began to attach 1 d after being transferred to an adherent surface
arly all cells from the neurosphere attached to the plate and extended
lls (A), w
day 7, ne
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seeded in NBM with EGF and FGF-2 resulted in similar
glial-like cells as compared with the neurospheres seeded
in only NBM (Fig. 5).

Conduit formation

Like the aEFC previously described, the co-culture of
glial-like cells and ASC-derived fibroblasts delaminated
and formed a 3-D ENC, aENC, (Fig. 7A). The length of
the aENCs was pre-customized between 20 and 45 mm
depending on the size of the dish in which the monolayer
was made (Fig. 7A). The thickness of the aENCs was
measured at a range of 0.3–1.0 mm. Histology of the
aENC was performed 7 days after formation and re-
vealed fibroblasts forming an epineurial-like sheath sur-
rounding an inner neural network (Fig. 7B). The fibro-

Fig. 5. In co-culture with ASC-derived fibroblasts monolayer (black
arrow), neurospheres (white arrow) were observed attaching and ex-
panding on the fibroblast monolayer (A). Phase contrast at 40� mag-
ification. The glial-like cells (small arrows) coming from the neuro-
phere (large arrow) migrated onto the fibroblast monolayer as indi-
ated by positive staining for Schwann cell marker S100 (B). S100
green) and DAPI (blue) at 40� magnification. For interpretation of the
eferences to color in this figure legend, the reader is referred to the

eb version of this article.
blasts of the aENC stained positive for Col1 and were
observed encasing the conduit as well as throughout the
centre. The S100-positive glial-like cells were observed
within the conduit.

DISCUSSION

The purpose of this study was to fabricate and characterize
a novel scaffoldless 3-D tissue-ENC composed of ASC.
This aENC consisted of an outer sheath of fibroblast cells
and an inner network of glial-like neural cells. The use of
ASC addresses and eliminates the most limiting factor in
successful repair of peripheral nerve injuries, availability of
autologous nerve tissue. The ASCs used in the fabrication
of the aENC are abundant and biocompatible and thus
eliminate the concerns of availability and immune rejec-
tion, which are observed with most engineered conduits.
Immunohistochemical analysis of the ASC-derived aENC
indicates that a 3-D nerve conduit with a fibroblast exterior
and interior neural network was successfully engineered.
Thus, this scaffoldless 3-D ASC-derived nerve-fibroblast
conduit may show potential for replacement of damaged
nerve tissue.

Although its adhesive properties facilitated the iso-
lation of ASCs, we confirmed the expression of cell

Fig. 6. Neurosphere induction at different concentrations of EGF and
FGF-2. Between 30 and 80, neurospheres were measured from each
treatment to find the average cross-sectional area, CSA (A). Without
EGF or FGF-2, no neurospheres accumulated. Treatments with 5 ng
of EGF produced neurospheres of a statistically similar CSA with or
without the addition of FGF-2. Additionally neurospheres from treat-
ments with 10 ng of EGF had similar CSA whether or not FGF-2 was
added. The total number of neurospheres in each well for each treat-
ment was also counted (B). The treatment with 10 ng of both EGF and
FGF-2 resulted in significantly more neurospheres per well than any
other treatment. All other treatments yielded no significant difference
from each other. * P�0.05, compared with negative control; † P�0.05,
compared with treatment with 0 ng/ml EGF and 5 ng/ml FGF-2;
‡ P�0.05, compared with treatment with 5 ng/ml EGF and 0 ng/ml

FGF-2.
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surface markers CD90 and CD271 at passage 3. We
decided to use marker CD271, also known as p75NTR,
to identify our ASC population because of its supposed
potential to be a solely distinguishing marker for ASCs.
The presence of the CD90 marker was used to further
confirm ASC identification.

Current technologies related to neural tissue engineering
focus on using nerve guidance channels for the repair of
peripheral nerve injury (Ray and Mackinnon 2010; Deumens
et al., 2010). These scaffolded guidance channels are often
incorporated with combinations of Schwann cells, stem cells,
and neurotrophic factors, which direct and enhance growth of
regenerating nerve (Hudson et al., 2000). Although these
engineered conduits have found success with small periph-
eral nerve defects, they are still faced with several drawbacks
associated with the use of scaffolds, including biocompatibil-
ity, immune rejection, poor cell adhesion, and mediocre tis-
sue repair. The need for a more biocompatible, readily avail-
able engineered conduit for repair of larger defects persists.
The experiments conducted here present the technology for
the development of a scaffoldless 3-D ENC from a readily
available, biocompatible source of cells, ASCs, which over-
comes the drawbacks associated with current autograft and
scaffold-based technologies.

Recent studies have investigated the use of ASCs as a
source of support cells incorporated into nerve conduits
(Locke et al., in press). The use of these support cells has
shown promising yet limited success in enhancing nerve

Fig. 7. The three-dimensional formation of engineered neural conduit
fabricated from ASC-induced fibroblasts and ASC-induced glial-like
cells (aENC) at 20 mm length in vitro (A). Ruler is in mm. The presence
of both fibroblast and glial-like cell types in the aENC cross section
were confirmed using collagen marker Col1 (green) and S100 (red)
(B). Fibroblasts were observed surrounding an inner neural network.
For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.
regeneration during peripheral nerve recovery. Use of undif- f
ferentiated ASCs in tissue regeneration is difficult to assess
because of technical issues leading to permanently inducing
ASCs to the appropriate lineage in vivo, or apoptosis of ASCs
during recovery. Santiago et al. (2009) seeded undifferenti-
ated ASCs in polycaprolactone synthetic conduits and used
these conduits to repair small gaps in the sciatic nerve of
adult rats. The use of the ASC-incorporated conduit in this
repair model showed efficacy in regaining innervation to and
preventing atrophy of the target muscle. However, these
ASCs were incapable of differentiating solely to a neural
lineage. Although few of the ASCs were positive for Schwann
cell markers, some cells differentiated to unwanted adi-
pocytes, and many of them remained undifferentiated. The
random fates of these ASCs in vivo may lead to varied results
in terms of nerve recovery.

The use of ASC-induced neural cells in tissue regen-
eration is difficult because of issues leading to permanently
inducing ASCs to the appropriate lineage in vitro, preven-
tion of revision of the induced ASCs back to a mesenchy-
mal state in vivo, or apoptosis of ASCs either in vivo or in
itro. In a separate study, di Summa et al. incorporated
SC-included neural cells in a scaffold-based system and

mplanted them into a peripheral nerve repair (di Summa et
l., 2011). These conduits incorporated with ASC-induced
eural cells resulted in more robust nerve regeneration
nd muscle recovery than conduit incorporated with either
one-marrow derived MSCs induced to neural cells or
onduits incorporated with primary Schwann cells (di

Summa et al., 2011). However, �-mercaptoethanol and
orskolin were used to terminally differentiate ASC to a
eural lineage. The use of such cytotoxic compounds may
ot be translationally relevant. In contrast, our scaffoldless
echnology overcomes these limitations by permanently
nducing ASCs to fibroblasts and glial-like cells by using
rowth factors found naturally in a regenerating tissue
uch as FGF-2, ascorbic acid, EGF, and TGF-�1. Our
ethodology presents a more clinically relevant model for

onduit technologies used in peripheral nerve repair.
In addition to the potential concerns with terminal dif-

erentiation of our ASC cell population, there are issues
ith the morphology of terminally induced neuronal cells

or use in tissue engineering. This concern arises because
f the fact that mesenchymal cells induced to a neural

ineage very quickly take on a more phenotypically devel-
ped morphology, extend neural processes radially from
he cell, and attach to the substrate on which the cell is
rowing. Releasing these neural-induced cells and their
euronal processes to incorporate them into a conduit may
amage the processes, lose the integrity of the cell, and

ead to apoptosis. Thus, incorporation of neural-induced
SCs before the formation of neuronal processes and
ttachments was novel and essential for use as a cell
ource in our conduit approach.

Several laboratories have developed methodologies to
nduce MSCs to a neural lineage in glass cell culture
ishes where the cells remain in suspension and aggre-
ate into free-floating neurospheres (Radtke et al., 2009;
unnell et al., 2008). When these neurospheres are trans-
erred onto an adherent surface in serum-free medium,
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they attach and extend neural processes. To date these
neurospheres have only been used in vitro to study the
roliferation of neural cells from explanted dorsal root gan-
lia (Radtke et al., 2009). We hypothesized that this neu-
osphere technology could be applied to our scaffoldless
ngineered conduit technology such that the co-culture of
fibroblast monolayer seeded with ASC-induced neuro-

pheres would result in the successful fabrication of a
unctional neural conduit. In our laboratory, we success-
ully induced ASC to neurospheres. When these neuro-
pheres were co-cultured with a confluent monolayer of
broblasts, we successfully fabricated a 3-D construct,
esulting in the formation of an adipose–cell-derived scaf-
oldless ENC, or aENC.

CONCLUSION

We successfully differentiated ASC to fibroblasts and glial-
like cells. We were able to co-culture both of these cell
types and maintain their distinct cell lineages. Finally, we
fabricated scaffoldless 3-D tissue-ENCs from these co-
cultures. These conduits have the potential to repair pe-
ripheral nerve traumas and represent a novel scaffoldless
tissue-engineering technology.
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