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ABSTRACT

The human central nervous system has limited capacity
for regeneration. Stem cell-based therapies may overcome
this through cellular mechanisms of neural replacement
and/or through molecular mechanisms, whereby secreted
factors induce change in the host tissue. To investigate
these mechanisms, we used a readily accessible human cell
population, dental pulp progenitor/stem cells (DPSCs) that
can differentiate into functionally active neurons given the
appropriate environmental cues. We hypothesized that
implanted DPSCs secrete factors that coordinate axon

guidance within a receptive host nervous system. An avian
embryonic model system was adapted to investigate axon
guidance in vivo after transplantation of adult human
DPSCs. Chemoattraction of avian trigeminal ganglion
axons toward implanted DPSCs was mediated via the che-
mokine, CXCL12, also known as stromal cell-derived fac-
tor-1, and its receptor, CXCR4. These findings provide the
first direct evidence that DPSCs may induce neuroplastic-
ity within a receptive host nervous system. STEM CELLS
2009,27:2229-2237
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INTRODUCTION

There is significant evidence that stem cell-based therapies
enhance functional recovery in animal models of neurological
injury or disease [1-5]. Two paradigms for stem cell-based
therapies currently are available: transplantation of exogenous
progenitor/stem cells or the recruitment of endogenous neural
stem cells. In transplantation of exogenous progenitor/stem
cells to enhance functional recovery the underlying mecha-
nisms of action remain unknown. A parsimonious idea is that
progenitor/stem cells replace the neural cells lost in the dam-
aged nervous system. However, it is becoming evident that a
more complex neuroregenerative process is likely to underlie
functional recovery. This may involve implanted progenitor/
stem cells secreting a combination of signaling molecules that
act upon the damaged nervous system through varied mecha-
nisms: inflammation, programmed cell death, angiogenesis,
and/or neuroplasticity. The emerging concept of “bystander”
or paracrine mechanisms of activity induced by implanted
progenitor/stem cells requires further investigation [6]. The

findings that transplanted neural stem cells act via immuno-
modulation of an inflammatory plaque in a murine model of
multiple sclerosis in addition to replacement of the lost oligo-
dendrocyte to improve neurological function favors the con-
cept of a more complex underlying neuroregenerative process
[7, 8]. In this article we investigate the role of adult human
progenitor/stem cell-mediated neuroplasticity in a receptive
host nervous system.

The trigeminal ganglion (TG) has been an important ver-
tebrate neural structure within which to investigate axon guid-
ance because of its highly patterned trifasciculate branching
[9, 10]. In the avian embryo the TG is bilobed and during
maturation extends three axonal processes into the developing
face; the ophthalmic, maxillary, and mandibular processes,
which innervate the forehead, cheek, and lower jaw, respec-
tively. The trifasciculate branching of the TG is accurately
coordinated owing to a combination of attractant and repellent
factors mediated over short- or long-range distances [10].

We have demonstrated that a population of human pro-
genitor/stem cells persists in the pulp tissue obtained from
impacted third molar teeth in young adults [11]. Adult human
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Figure 1. Human-chick xenotransplantation model system. (A): St 10-12 avian embryos were prepared for human cell xenotransplantation in
ovo. (B): Green fluorescent protein (GFP)-transduced human cells were injected into the mesodermal tissue lateral to rhombomere 2 of the devel-
oping avian hindbrain. Embryos were allowed to develop normally in ovo for (C) 48 hpi which correlated to St 20, after which time embryos
were removed from the egg and stained for pan-neuronal markers, class III -tubulin or neurofilament-medium chain (NF-M); here NF-M staining
is shown. Embryos were mounted in an open-book fashion with the HB in the midline of the embryo, the E bilateral to the HB, and the TG bilat-
eral to the HB. The TG has two lobes and three distinct axonal outgrowths: the Op process above the eye and the Mx/Md processes that inner-
vate the lower face. (D): Representative image of St 20 embryo stained with NF-M (red) and GFP (green). (E): Alternatively, at 2 hpi the
embryos were explanted and grown ex ovo for a further 48 hpi on a Millipore membrane. (F): Human-chick chimeric embryos were imaged by
transmitted and fluorescent light to demonstrate the site of the human GFP™ cells relative to the host TG. Scale bar (A, C, D, F) = 200 um Scale
bar (E) = I mm. Abbreviations: E, eye; HB, hindbrain; Mx/Md, maxillary/mandibular; Op, ophthalmic; St, stage; TG, trigeminal ganglion; V, tri-

geminal ganglion bilateral to the hindbrain.

dental pulp progenitor/stem cells (DPSCs) are putatively neu-
ral crest (NC) cell derived [12] and thus may have neurogenic
potential that relates to the generation of neurons and their
connections, that is, axon guidance. Consistent with this prop-
osition, it has been demonstrated that DPSCs, given the
appropriate environmental cues, differentiate into functionally
active neurons [13], influence endogenous recruitment of neu-
ral stem cells [14], and may themselves generate neurospheres
[15]. Tissue from the dental pulp is a source of neurotrophic
factors capable of promoting neuronal survival and neurite
outgrowth in vitro and in vivo [16, 17]. Nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), glial-
derived neurotrophic factor (GDNF), and CXCL12, also
known as stromal cell-derived factor-1 (SDF-1), are expressed
by dental pulp cells [16—18]. These factors have also been
implicated in axon guidance of the TG, which subserves sen-
sation to the face and motor control to the masseter muscles
of the jaw [9, 10]. CXCL12 belongs to the chemokine family
of molecules that was originally characterized as having pri-
mary roles within the immune system [19]. However
CXCLI12, interacting via its cognate receptor CXCR4, has
been shown to possess axon guidance activities in the nervous
system [20] and to instigate recruitment of dental pulp cells
after injury [21]. Furthermore, CXCL12/CXCR4 interactions
pattern TG motor and sensory development [22, 23].

In the present study, we developed a cross-species xeno-
transplantation model system to investigate progenitor/stem
cell-mediated axon guidance. This was based on Le Douarin’s
quail-chick chimeric experiments that used microsurgical
approaches, which have provided fundamental insights into
NC cell ontology over the past quarter century [24]. In our
human-chick xenotransplantation experiments we found that
implanted adult human DPSCs induced chemoattraction of

TG axons via CXCL12/CXCR4 signaling interactions. This
finding provides the first direct evidence that implanted dental
pulp stem cells cause neuroplastic change within a receptive
host nervous system.

MATERIALS AND METHODS

In Ovo Transplantation of Human Cells into
Avian Embryos

Ethical approval was obtained from the University of Adelaide
(approval number S-59-2003). Chicken eggs (white leghorn;
HiChick Breeding Company, Bethal, SA, Australia) were incu-
bated in a humidified 37°C incubator containing 5% CO, for
approximately 40 hours to reach stage 10-12 [25] (Fig. 1A)
before injection. DPSCs isolated as described previously [11]
were retrovirally transduced with a green fluorescence protein
(GFP)-encoding gene as reported previously [26]. Stable GFP-
positive transduced adult human DPSCs or human foreskin fibro-
blasts (HFFs) were selected by fluorescence-activated cell sorting
using a FACStar™ S flow cytometer (Becton Dickinson, Sunny-
vale, CA, http://www.bd.com). Transduced DPSCs and HFFs (5
x 10° cells/ul) were injected into the developing avian embryo
as described previously [13]. In brief, a window was cut into the
top of the egg, and the embryo was visualized by injecting Indian
ink (prepared in Ringer’s solution; Winsor & Newton, Harrow,
Middlesex, UK, http://www.winsornewton.com) below the
embryo to improve contrast. Fast green dye was added to the
cells to visualize during the injection procedure. The vitelline
membrane was removed from around the head of the embryo.
The cells were placed in a glass capillary needle (GC100TF-10;
SDR Clinical Technology, Sydney, Australia, http://www.sdr.
com.au/), attached to a micromanipulator and pressure injector

Stem CriLs



Arthur, Shi, Zannettino et al.

(Narishige, Tokyo, Japan, http://www.narishige.co.jp), set at 25
psi. The micromanipulator was used to guide the needle into the
region directly adjacent to rhombomere 2 in the developing hind-
brain (Fig. 1B). Cells were injected into the embryo using a foot
pump attached to the pressure injector. After this manipulation
the egg was sealed and incubated further to mature the human-
chick chimeric embryo.

Explanting of Human-Avian Chimeric Embryos

GFP-transduced adult human DPSCs (5 x 10° cells/ul) were
maintained in growth media alone or in the presence of CXCL12/
SDF-1, inhibitor T140 [27-29], or control peptide (RTVAHHG-
GLYHTNAEVK) (5 uM) (Mimotope, Victoria, Australia) before
transplantation into the avian embryo. DPSCs were injected as
described above, embryos were then dissected from the egg 2
hours postinjection, washed in Ringer’s solution, and explanted
onto a Millipore membrane (Millipore, Billerica, MA, http://
www.millipore.com), as described previously [30]. The embryos
were orientated so that the vitelline membrane (ventral side
down) was in contact with the Millipore membrane bathed in
Neurobasal Medium (GIBCO BRL, Grand Island, NY, http:/
www.invitrogen.com), B27 supplement (GIBCO BRL), and 0.5
mM L-glutamine (GIBCO BRL) with T140 or control peptide.
Explanted human-chick chimeric embryos were incubated for a
further 48 hours postinjection (hpi).

Dissection and Staining Procedure

Human-chick chimeric embryos grown in ovo or explanted were
generally dissected 48 hours postinjection. The head was cut
through the midline as in an open-book manner, that is, cut from
the nose toward the hindbrain down the length of the head on the
ventral side. Dissected embryos were fixed in 4% paraformalde-
hyde and then were washed with phosphate-buffered saline (PBS)
before immunofluorescent staining. Embryos were washed five
times with PBS and 0.3% Triton X-100 (PBS-T) and then were
incubated in blocking solution (10% heat-inactivated horse serum
in PBS containing 1% Triton X-100) for 5 hours at room temper-
ature. Embryos were next incubated overnight at room tempera-
ture with primary antibodies, goat anti-GFP (4 ug/ml, 600-101-
215; Rockland Immunochemicals, Inc., Gilbertsville, PA, http://
www.rockland-inc.com), neural crest markers rabbit anti-Sox9
(1:6000 dilution; gift from D. Newgreen, Murdoch Children’s
Research Institute, Parkville, VIC, Australia) and mouse anti-
Pax7 (supernatant, 1:10; gift from M. Ziman, Edith Cowan Uni-
versity, Perth, WA, Australia) and neuronal markers, class III f-
tubulin (TUJ1)(4 pg/ml, MMS-435P; Covance, Princeton, NJ,
http://www.covance.com) and neurofilament-medium chain (NF-
M) (5§ ug/ml, 13-0700; Zymed Laboratories, Inc., South San Fran-
cisco, CA, http://www.invitrogen.com), in PBS containing 10%
horse serum and 0.1% Triton X-100. Samples were washed five
times with PBS-T and then incubated in the dark overnight at
4°C with secondary antibodies, donkey anti-goat Alexa 488
(10 pg/ml, A11055; Molecular Probes, Eugene, OR, http://probe-
s.invitrogen.com) and donkey anti-mouse Cy3 (7.5 ug/ml, 715-
165-150, Jackson ImmunoResearch, West Grove, PA, http://
www.jacksonimmuno.com), diluted in PBS containing 10% horse
serum and 0.1% Triton X-100. Embryos were washed as
described above, placed in 80% glycerol, and then mounted onto
glass slides and cover-slipped with ProLong Gold anti-fade rea-
gent with 4,6-diamidino-2-phenylindole (P36931; Invitrogen).
Embryos were imaged with a Radiance 2100 Confocal (Bio-Rad,
Hercules, CA, http://www.bio-rad.com) or TE 2000-E confocal
(Nikon, Melville, NY, http://www.nikon.com) microscope.
Images were processed with Adobe Photoshop; only the bright-
ness and contrast were altered. Axonal perturbation was counted
using the following criterion: aberrant axon guidance defined as
host trigeminal ganglion fasciculated axons deviated from their
normal position (i.e., above the eye for ophthalmic branches and
below the eye and toward branchial arches for maxillary and
mandibular branches) and directed toward implanted DPSCs. Sta-
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tistical significance was determined using a two-tailed Fisher’s
exact test.

Real-Time Polymerase Chain Reaction

The level of CXCL12 gene expression was determined using
real-time polymerase chain reaction (PCR) as described previ-
ously [26, 31]. In brief, RNA was isolated using the TRIzol (Invi-
trogen) method and reverse transcribed with Superscript III
reverse transcriptase (Invitrogen). Real-time PCR reactions were
performed using TagMan Master Mix on an ABI SDS 7000 light
cycler driven by ABI prism SDS v1.1 (Applied Biosystems, Fos-
ter City, CA, http://www.appliedbiosystems.com). The following
primers were synthesized locally (GeneWorks, Hindmarsh, SA,
Australia, http://www.geneworks.com.au): CXCLI12 (accession
number NM_199168.2), forward (ATGCCCATGCCGATTCTTCG)
and reverse (GTCTGTTGTTGTTCTTCAGCC); control gene TBP
(TATA box-binding protein), forward (CTGGAAAAGTTGTAT
TAACAGGTGCT) and reverse (CCATCACGCCACAGTTTCC);
GDNF (accession number NM_000514), forward (GGGCACCTG
GAGTTAATGTC) and reverse (GCCACGACATCCCATAACTT);
BDNF (accession number NM_170731), forward (TGGAGTTGG
CATTGCATTTA) and reverse (TCCACCTAGACCTTGGGATG);
NGF (accession number NM_002506.2), forward (AGGGAG
CAGCTTTCTATCCTG) and reverse (GGCAGTGTCAAGGG
AATGC), neurotrophin-4/5 (NT-4/5) (accession number
NM_006179), forward (GCCACCTGTGTCCTCCAC) and reverse
(AGAAAAGGGGGCAATGTTGA); and neurotrophin 3 (NT-3)
(accession number NM_002527), forward (CAGAGACGCTA
CAACTCACCG), reverse (CCGTGATGTTCTGTTCGCC).

Enzyme-Linked Immunosorbent Assay
Protein Analysis

The protein levels of CXCLI12 expressed by DPSCs and HFFs
were determined using a commercial CXCL12 specific immuno-
assay (Human CXCL12/SDF-1oc Quantikine Colorimetric Sand-
wich ELISA; R&D Systems, Minneapolis, MN, http://
www.rndsystems.com), as described previously [26]. In brief,
DPSCs and HFFs were plated at 1 x 10> cells per well in a six-
well plate and incubated in growth media for 48 hours. The su-
pernatant was filtered through a 0.2-um filter and analyzed by the
CXCL12 specific immunoassay. The cells within the plate were
detached and counted. The level of CXCL12 production per cell
was determined and is represented as pg/cell.

RESuLTS

Implanted Adult Human DPSCs Induce
Chemoattraction of Host Avian TG Axons

In the present study, we injected ex vivo expanded human
DPSCs, isolated from adult third molar teeth [11], adjacent to
the second rhombomere of avian embryos in ovo at stage 10-12
(Fig. 1A, 1B) [25]. The xenotransplanted human-chick chimeric
embryos were allowed to develop in ovo for 48 hpi and then
were removed for detailed characterization. The chimeric
embryos were analyzed in an open-book preparation after pan-
neuronal staining for either NF-M or TUJ1 (Fig. 1C). The trans-
planted human DPSCs had been previously retrovirally trans-
duced to express GFP to formally identify implanted human
cells within the background of the host chick tissue (Fig. 1D).
Studies focused on the examination of the host chick TG,
which is a highly patterned trifasciculated cranial nerve. In
normal chick embryos extrafasciculated axonal branching
away from the main ophthalmic and maxillomandibular lobes
is never seen, however, with the rare exception of a stray sin-
gle axon projecting from the trifasciculate processes (Fig.
2A). Our studies showed a marked perturbation at 48 hpi to
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Figure 2. Implanted adult human dental pulp progenitor/stem cells (DPSCs) induce chemoattraction of host avian trigeminal ganglion (TG) axons.
Images of the host avian embryo 48 hpi stained by class III S-tubulin (red) showed patterning of the host TG in relation to the site and type of
implanted human cells identified by transduced green fluorescent protein expression (green). (A): Normal patterning of avian TG 48 hpi in an unin-
jected control avian embryo. (B—F): Human DPSC-chick chimeric embryos at 48 hpi. (B-E): Implanted adult human DPSCs induce chemoattraction
of host chick TG axons. (F): Implanted human foreskin fibroblasts did not alter axonal projections of the host TG. Arrowheads indicated normal stray
single axons (A) or perturbed host TG axonal projections (B—E). All images are z-serial confocal images compressed to a single plane. Scale bars =
200 pum. Abbreviations: E, eye; HB, hindbrain; Mx/Md, maxillary/mandibular; Op, ophthalmic; V, trigeminal ganglion bilateral to the hindbrain.

the normal patterning of the host TG in 30 of 43 (70%; n = 3
human donors) avian embryos xenotransplanted with human
DPSCs (Figs. 2B-2E, 4C; Table 1). In the human-chick chi-
meric embryos 48 hpi the DPSCs appeared to aggregate in
close proximity to the host TG. Depending on the site of the
DPSC aggregate, three patterns of aberrant host TG branching
were observed (Fig. 2B-2E). When DPSCs were positioned
superior to the host TG, the outgrowth of the ophthalmic pro-
cess was altered in either one of two patterns: first, the
DPSCs induced branching of TG axons proximally from the
ophthalmic lobe (Fig. 2B, D); and second, the DPSCs induced
redirection of TG axons from distal ophthalmic and/or maxil-
lomandibular axonal projections (Fig. 2C, 2D). Alternatively,
when DPSCs were positioned inferior to the host TG, the
maxillomandibular lobe and processes were altered with prox-
imal and distal axonal projections directed toward the DPSCs
(Fig. 2E). Therefore, the altered guidance of host TG axonal
outgrowth toward the implanted adult human DPSCs in the
chimeric embryos suggested the presence of DPSC-secreted
putative soluble factor(s), which exerted chemoattractive
effects on axonal guidance.

Figure 3. Neural crest cells and motor axons are not responsive to
implanted dental pulp progenitor/stem cells (DPSCs). Embryos
injected with DPSCs (green) stained with early neural crest markers
Pax7 (red) (A) and Sox9 (red) (B) show normal development and pat-
terning of cranial neural crest cells. Furthermore, TUJ1 (C) and NF-
M (D) staining of motor axons (arrowheads) demonstrated normal
patterning of axons within the HB of DPSCs (green)-injected
embryos. Scale bars = 200 um. Abbreviations: HB, hindbrain; NF-M,
neurofilament-medium chain; TUJ1, class III f-tubulin; V, trigeminal
ganglion bilateral to the hindbrain.
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Table 1. Avlan embryo endogenous axonal perturbation in response to DPSC and CXCL12
Sample No. of embryos Perturbed axons Nonperturbed axons % perturbation P’
HFFs 17 0 17 0
DPSCs 43 30 13 70 <.0001
HFF-control 10 1 9 10
HFF-CXCL12" 19 17 2 89 <.0001
Explants

DPSC + control 28 20 8 71

DPSC + T140 26 9 17 35 <.01
*Statistical significance was determined using a two-tailed Fisher’s exact test by comparing DPSC to HFF, HFF-CXCL12" to HFF-control,
and DSPC + T140 to DSPC + control peptide explants.
Abbreviations: DPSC, dental pulp progenitor/stem cell, HFF, human foreskin fibroblast, HFF-control, HFFs expressing a empty vector, HFF-
CXCLI12", HFFs expressing CXCL12, DPSC + control, DPSC-explanted embryo bathed with a control peptide, DPSC + T140, DPSC-
explanted embryo bathed with a CXCL12 inhibitor (T140).

Next we investigated whether the observed changes to
host chick TG axonal outgrowth was a specific response to
adult human DPSCs or was due to a nonspecific response
mediated by other ectodermal-derived human cells after xeno-
transplantation in ovo. To investigate this question, we
injected HFFs, previously transduced to express GFP, into the
head mesoderm lateral to the second rhombomere and ana-
lyzed the avian embryos 48 hpi. HFFs were chosen as a con-
trol human cell population due to their ectodermal origins,
consistent with DPSCs, which have served as controls in other
studies [16, 32]. The analyses showed that HFFs behaved in a
different manner than DPSCs, in that none of the 17 human
HFF-chick chimeric embryos displayed aberrant TG axonal
branching (Fig. 2F). Human DPSCs exhibited a significant (p
< .0001, two-tailed Fisher’s exact test) (Fig. 4C; Table 1)
chemoattractive axonal guidance, which did not appear to be
evident in HFFs, in which chemoattraction was defined as
host trigeminal ganglion fasciculated axons deviating from
their normal position and directed toward implanted DPSCs.

To substantiate that the perturbed TG axonal migration
was in response to the injected DPSCs and not a consequence
of aberrant cranial neural crest migration, DPSC-injected
embryos 24 hpi were stained with early neural crest markers,
Pax7 and Sox9 (Fig. 3A, 3B). These embryos did not display
perturbed neural crest patterning or TG formation (Fig. 3A,
3B). Furthermore, when embryos were stained at 48 hpi with
different neuronal markers, perturbed axonal migration was
only observed from the TG lobes or its axonal branches (Figs.
2B-2E, 3C, 3D). Moreover, it was noted that motor axons
from the hindbrain did not migrate toward the injected DPSCs
even when the hindbrain axons were in close proximity to the
injected DPSCs. Together these observations suggested that
the perturbed host TG axonal migration was in response to
the injected DPSCs and was not influenced by cranial neural
crest settling or migration. In addition, the axons that were re-
sponsive to the chemoattraction in the presence of DPSCs
appeared to originate distal and not proximal to the TG.

DPSC-Induced ChemoAttraction of TG Axons
Mediated via CXCL12/CXCR4 Interactions

We next investigated the molecular basis of the DPSC-induced
TG axon chemoattraction by examining the chemokine
CXCL12/CXCR4 signaling system, which is known to be
involved in axon guidance activities in dental pulp tissue, the
nervous system, and patterning of TG motor and sensory axons
[20-23]. Real-time PCR analysis demonstrated that DPSCs
expressed significantly greater levels of CXCL12 transcripts
(14-fold or 93% greater expression (p < .0017, Student’s ¢ test)
(Fig. 4A) compared with HFFs. Enzyme-linked immunosorbent
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assay (ELISA) analysis also confirmed that DPSCs expressed
significantly higher levels of CXCLI12 (27-fold or 96% greater
expression, p < .003, Student’s ¢ test) compared with HFFs
(Fig. 4A, 4B). These observed levels of CXCL12 expression
were similar to those described previously for bone marrow-
derived mesenchymal stem cells [26]. Because HFFs failed to
demonstrate a measurable level of chemoattraction of host TG
axons, HFFs were transduced to stably overexpress CXCL12 at
a protein level comparable to that of human DPSCs (Fig. 4B).
HFFs transduced to overexpress CXCL12 (HFF-CXCLI12") or
vector control HFFs were injected as described previously, ad-
jacent to the second rhombomere in the avian embryo and were
analyzed at 48 hpi (Fig. 1A—1D). HFF-CXCL127 cells induced
a pattern of aberrant branching from the host TG similar to that
exhibited by implanted DPSCs (Fig. 4C, 4F; Table 1). This
resulted in a proportionally similar frequency of significantly
(p < .0001, two-tailed Fisher’s exact test, compared with HHF-
vector control cells) perturbed TG branching with 89% (19 of
21 human-chick chimeric embryos) induced by HFF-CXCL 12"
cells compared with 70% (30 of 43 embryos) exhibited by
DPSCs. The control HFF population transduced with empty
vector alone failed to induce chemoattraction of the host TG
axons (Fig. 4C, 4E; 1 of 10 embryos; Table 1).

Studies were performed to confirm whether the human DPSC-
derived CXCL12 was interacting with endogenous CXCR4 on the
avian TG axons using a small peptide, T140, a potent inhibitor of
CXCL12/CXCX4 interactions [27-29]. Dose-dependent analyses
showed that optimal T140 inhibition of DPSC-mediated TG axon
guidance occurred at 5 ¢M (data not shown). The human-chick
chimeric embryos 2 hpi were explanted onto Millipore membranes
and grown ex ovo in serum-free defined media [30] supplemented
with T140 or control peptide (Figs. 1E, 1F, Fig. 4D, 4G, 4H; Table
1). After 48 hours of incubation on the Millipore membranes
bathed in media containing control peptide, 71% of embryos (20
of 28) demonstrated a chemoattraction of host chick TG axonal
projections (Fig. 4D, 4G). However, when xenotransplanted
embryos were grown ex ovo in T140 supplemented media, there
was a significant (p < .01, two-tailed Fisher’s exact test) reduction
in DPSC-induced chemoattraction with 35% axonal perturbation
(n =9 of 26) (Fig. 4D, 4H; Table 1). These data strongly suggest
that CXCL12 is a potential factor involved in DPSC-mediated
chemoattraction of host TG axons.

To investigate other putative molecules responsible for the
DPSC-mediated perturbation of TG axons, we next examined
the expression of other candidate molecules that have been
identified previously as axon guidance factors during develop-
ment. Real-time PCR analysis of axon guidance molecules
GDNF, BDNF, NGF, NT-3, and NT-4/5 demonstrate that
GDNF is also significantly up-regulated in DPSCs compared
with HFFs (p < .005, Student’s ¢ test) (supporting information
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Fig. 1). These observations suggest that other guidance mole-
cules in combination with CXCL12 may influence axonal
migration in response to DPSCs.

DiscussioN

The molecular mechanisms underlying the process of neuro-
plasticity are thought to involve a complex interaction of mol-

Human Dental Pulp Stem Cells Induce Neuroplasticity

ecules that coordinate axonal guidance and/or synaptogenesis
[33]. In the present study, we developed a human-chick xeno-
transplantation model system and showed that transplanted
human dental pulp-derived progenitor/stem cells alter a host
nervous system during development through direct action on
axons rather than a secondary phenomenon due to changes in
host NC migration. Development of this human-chick xeno-
transplantation model was based on Le Douarin’s quail-chick
chimeric experiments using microsurgical approaches that
have provided invaluable insight into NC ontology over the
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last 25 years [24]. Recently, human melanoma cells, which
are NC-derived, tracked along host NC migratory pathways
after injection into chick embryos [34]. Furthermore, a subpo-
pulation of transplanted human metastatic melanoma cells
appeared to reprogram to a nonmetastatic phenotype owing to
the embryonic microenvironment [35]. It has also been dem-
onstrated that DPSCs themselves have the potential to differ-
entiate into melanocytes because of their putative NC origin
[36]. Thus, xenotransplantation studies may provide signifi-
cant insights into basic cellular and molecular mechanisms
underlying development, disease, and therapeutics [24, 37].
The typical axon guidance molecules that have been stud-
ied previously in relation to TG axon guidance include che-
moattractant and contact attractant and repellent molecules,
for example, semaphorin family members, Eph/ephrin recep-
tor tyrosine kinases, BDNF, NT-3, and fibroblast growth fac-
tor-8 [9, 10, 33], and some of these factors are known to be
expressed by dental pulp-derived populations [16-18, 38].
Another family of molecules that constitute the chemokines
are well known for their importance in the inflammatory
response [39] and are now thought to also mediate a number
of other processes including cell survival and correct migra-
tion of neural progenitors during brain development, in addi-
tion to stimulating stem cell migration after neuronal injury,
such as stroke [26, 40—45]. CXCL12 belongs to the chemo-
kine family of molecules and interacts predominantly via its
cognate receptor, CXCR4. Both CXCL12- and CXCR4-defi-
cient mice die at late gestation, at which time these mice dis-
play abnormal migration of neuronal progenitor cells in the
cerebellum, dentate gyrus, cortex, and dorsal root ganglion
and aberrant projections of axonal processes [40-42, 46],
highlighting the potential role of CXCL12/CXCR4 in neuro-
nal migration and axon guidance. Although these studies do
not directly relate to the TG, two elegant studies have since
demonstrated that a particular subset of neural progenitors
that form part of the TG in zebrafish express CXCR4 and are
responsive to CXCL12 expressed by cells located posterior to
the forming TG [22, 23]. CXCL12/CXCR4, interactions are
now thought to help mediate axon guidance in the developing
nervous system [42] and more specifically facilitate chemoat-
traction of TG axons [22, 23]. In the present study, we dem-
onstrated that altered patterns of axonal migration were due,
in part, to the interaction between exogenous CXCL12
derived from human DPSCs via avian CXCR4 receptors on
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the TG, suggesting that CXCL12 and CXCR4 are highly con-
served across different species.

The finding in the present study that almost one-third of
chimeric embryos, when grown in the presence of the
CXCL12-CXCR4 small peptide inhibitor (T140), still exhib-
ited an altered host TG phenotype suggested that other factors
are also likely to be involved, and preliminary studies have
eluded to the possible involvement of GDNF. Dental pulp tis-
sues express BDNF and GDNF [16-18], which also possess
axon guidance activity and have previously been shown to
influence the migration of TG axons during development [47].
Alternatively, it has been suggested that CXCR4 is not
expressed by all axons of the TG in zebrafish [22], and, there-
fore, only those axons expressing CXCR4 would be respon-
sive to the T140 inhibitor. Lieberam et al. [23] concluded that
all motor neurons within the dorsal root ganglion (DRG)
default to the dorsal motor neuron (dMN) migratory pathway.
However, ventral motor neurons (vMNs) and not dMNs
within the dorsal root ganglion express CXCR4 at the time of
their initial migration, whereas CXCL12 is expressed by the
mesenchymal cells that line the ventral spinal cord [23]. The
subsequent chemoattractant response after the interaction of
CXCR4 expressing VMNs with CXCL12 overrides any repel-
lent guidance signals, mediated predominantly by semaphor-
ins and netrins, and, therefore, VMNs migrate ventrally
through the mesenchymal tissue. Whereas the TG is a sensory
ganglion composed of dMN, the neurons of the TG were
found to respond in a similar manner to the vMNs of the
DRG [23]. Furthermore, our observations suggest that it was
the sensory neurons located distal of the TG that were respon-
sive to the DPSCs as no abnormal migration of motor axons
from the hindbrain was noted. We suggest that the TG axons
are more responsive to the transplanted DPSCs than to the en-
dogenous guidance cues via a mechanism similar to that for
VvMNs, for which the attractant signaling of CXCL12/CXCR4
is stronger than the signaling of the endogenous guidance
molecules.

The observation that endogenous axonal processes are
more responsive to exogenous sources of CXCL12 may be
important for future stem cell-based therapies, for which
DPSCs may assist in repair in a two-pronged approach. Not
only do DPSCs express neurotrophic factors, as rat dental
pulp cells have been shown to assist in the survival of dam-
aged axons after hemisection of the spinal cord [16, 17], but

Figure 4. CXCL12 secreted by adult human DPSCs mediates chemoattraction of host avian trigeminal ganglion (TG) axons. (A): DPSCs
express significantly higher levels of CXCL12 mRNA than HFFs (14-fold increase, *, p < .0017, Student’s ¢ test, n = 3 independent donors).
Real-time polymerase chain reaction analysis indicated a significantly higher level of CXCL12 mRNA expression by HFFs transduced to express
CXCL12 than HFFs transduced with a control vector (46-fold increase, x, p < .0005, Student’s ¢ test, n = 3 independent donors). (B), CXCL12
enzyme-linked immunosorbent protein assay demonstrated that DPSCs express significantly higher levels of CXCLI12 protein than HFFs (27-fold
increase, #, p < .003, Student’s ¢ test, n = 3 independent donors). HFFs transduced to express CXCL12 demonstrated a significant upregulation
of CXCL12 protein secretion compared with HFFs transduced with a control vector (10-fold increase, [caret], p < .01, Student’s ¢ test, n = 3 in-
dependent donors). There was no significant difference in CXCL12 protein levels between DPSCs and HFFs transduced with CXCL12. (C, D):
Quantitation of axon perturbation. (C): DPSCs (n = 30 of 43 embryos) and HFF-CXCL12" cells (n = 19 of 21 embryos) significantly (7, p <
.0001, two-tailed Fisher’s exact test) perturb normal axonal migration compared with HFFs (n = 0 of 17 embryos) or HFF-control vector cells (n
=1 of 10 embryos), respectively, which do not influence endogenous axonal migration. (D): Axonal perturbation in response to DPSCs was sig-
nificantly ([caret], p < .01, two-tailed Fisher’s exact test) inhibited when embryos were cultured with the CXCL12/CXCR4 inhibitor T140 (n =
9 of 26 embryos) compared with embryos cultured with control peptide (n = 20 of 28 embryos). (E-H): Images of human-chick chimeric
embryos 48 hpi demonstrated the host avian TG and its axonal projections stained for NF-M (red) and the human cells transduced to express
GFP (green). (E): Implanted HFFs transduced with a control vector did not alter the host avian TG axonal projections. (F): Implanted HFFs
transduced to express CXCL12 resulted in chemoattraction of the host avian TG ophthalmic process (arrowhead) towards HFF-CXCL12" cells.
(G, H): Human DPSC-chick chimeric embryos were explanted and grown for 48 hpi ex ovo in media supplemented with control peptide (G) or
with T140 (H). (G): In media supplemented with control peptide a representative chimeric embryo exhibited the usual chemoattraction of TG
axons toward implanted DPSCs (arrowheads). (H): Media supplemented with T140, a representative chimeric embryo, demonstrated a loss of
chemoattraction by host TG axons toward implanted DPSCs. All images are z-serial confocal images compressed to a single plane. Scale bars =
200 pum. Abbreviations: DPSC, dental pulp progenitor/stem cell; E, eye; HB, hindbrain; HFF, human foreskin fibroblasts; Mx/Md, maxillary/man-
dibular; Op, ophthalmic; V, trigeminal ganglion bilateral to the hindbrain.
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also human DPSCs express CXCL12 at a level that can alter
the migration path of axonal processes toward the transplanted
DPSCs. Importantly, CXCL12 has been shown to be up-regu-
lated at sites of neuronal injury after stroke and induce the
migration of endogenous neuronal stem cells to the injury site
[43]. Furthermore, bone marrow stem cells transplanted after
stroke have also relied on CXCL12 for their correct migration
and homing into the injury site [48]. Therefore, DPSCs may
not only provide a paracrine/bystander affect on the surround-
ing tissue but also may assist in the homing of endogenous
neural stem cells to the site of transplantation/injury.
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