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Applicability of tooth derived stem cells in neural 
regeneration

Introduction
Regeneration and reparation are two processes that lead to 
wound healing, with distinctive features, e.g., they occur with 
a different frequency. Reparation is a common phenomenon 
in the majority of wounded tissues, which promotes healing 
through the replacement of the damaged tissue with an as-
pecific tissue, produced by fibroblasts and commonly called 
scar. When scar is formed, the wound gap is filled up and the 
integrity of the tissue is reconstructed, albeit not the archi-
tecture, with consequent loss of tissue function. If reparation 
is an aspecific phenomenon, on the other hand, regeneration 
is a completely specific process for wound healing. Regen-
eration entails the replacement of lost tissue with the same 
tissue, which is produced by specific cells and which, being 
equal to the original one, allows for the restoration of the ar-
chitectural and functional integrity of the tissue (Robbins et 
al., 2010). 

In this respect, tissues have commonly different abilities to 
regenerate. The amount of adult stem cells in a tissue, which 
are able to self-renew and to differentiate, is the first element 
to consider about the regeneration. However, the mere pres-
ence of a stem cell component in a tissue is not sufficient 
for regeneration, because cells require to be activated to in-

duce regeneration. The stem cell niche, the milieu in which 
stem cells are entrapped and quiescent and which supplies 
a trophic, mechanical and geometric environment for cell 
surviving, plays a pivotal role in their  activation. Niches can 
be inhibitory, allowing the activation of stem cells only in 
the presence of inflammatory signals, or of expansion, i.e., 
niches that continuously support the generation of new stem 
cells (Jones and Wagers, 2008). Moreover, beside the amount 
of stem cells and the available type of niche in which cells are 
contained, the type of damage is often an additional obstacle 
to regeneration: tissue damage may spontaneously evolve 
indeed into a scar tissue, which represents a mechanical, 
physical and chemical barrier to regeneration.

Hystorically, it is evident that central nervous system do 
not regenerate after injuries. However, as reported by Cajal  
(1928) on the base of Tello’s observations, a permissive envi-
ronment could enhance neurons regrowths in mammalians 
nervous system. Tello’s observations confirm our previous 
argumentation on regeneration and explain why inside the 
nervous system neurons lack of spontaneous regeneration. 
Indeed, disorders, both neurological and traumatic, associ-
ated to the nervous system lead to neuron loss or degener-
ation, and to a compromised environment. This, together 
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with the amount of available neural stem cells (NSCs) and 
the inhibitory nature of the neural stem cells niche explains 
the lack of spontaneous regeneration in the nervous system.

Regenration inside the nervous system requires a multi-
step process, which involves the recruitment of new cells, the 
delivery of neurotrophic factors and scaffolding for regener-
ation guidance. To this purpose regenerative medicine (RM) 
approaches can be thought to induce regeneration inside the 
nervous system (Horner and Gage, 2000).

RM represents a valid interdisciplinary approach to restore 
structure and function of damaged tissues and organs, and in 
context of the nervous system, RM aims to restore a suitable 
micro-environment to induce tissue regeneration through 
the use of molecular factors, cells and scaffolds (Langer and 
Vacanti, 1993). 

As for the cell components used in nervous system RM 
approaches, these can be used alone as in cellular therapies 
or in combination with scaffolds in tissue engineering ap-
proaches. Among alternative cell sources, adult stem cells, 
after in vitro differentiation, have obtained extensive atten-
tion. At the present moment, NSCs clearly represent the 
ideal cell source for this approach, because they are able to 
differentiate into neurons, astrocytes and oligodendrocytes; 
however, on the other hand, they are difficult to be isolated 
from the brain and, consequently, other sources are needed 
(Martens et al., 2013). In the last two decades, mesenchymal 
stem cells (MSCs) have been widely studied too, both those 
isolated from bone marrow and from adipose tissue. MSCs 
are multipotent cells able to differentiate into a wide array of 
cell types, included osteogenic, chondrogenic, adipogenic, 
myogenic and neurogenic lineages. Although MSCs seem to 
be a promising source of mature cells, the difficulties with 
their harvesting, which requires invasive techniques like 
bone marrow aspiration or liposuction, and problems with 
aging cell populations, limit their use in the practice (Kim et 
al., 2012). 

Recently, the presence of different mesenchymal stem 
components has been discovered in teeth. These cells ori-
gin from the neural crest during embryogenesis, and it is 
thus theoretically possible to exploit them in RM applied 
to the nervous system (Kim et al., 2012; Martens et al., 
2013; Park et al., 2016). Now we proceed to discuss teeth 
formation events, to highlight the origin of dental stem 
cells and consequently their capability to be used for neu-
ral regeneration.

Odontogenesis and Dental Stem Cells
Embryogenesis of teeth is directed by a sequence of events 
and interactions between two layers of cells, both arising 
from the migrating neural crest cells: the oral epithelium 
and the mesenchymal tissue. Tooth morphogenesis involves 
five steps (Figure 1). The first stage is called the “Thickening 
Stage”; it involves the proliferation of epithelial cells and 

the consequent thickening of oral epithelium in the site of 
the future tooth. This phenomenon leads to the activation 
of the underlying mesenchymal cells, which during the 
second step, the “Bud Stage”, differentiate into two distinct 
lineages, peripheral basal and stellate reticulum cells. These 
cells limit the area around the niche of the developing 
tooth. During the third and the fourth stage, the “Cap” and 
the “Bell” stages respectively, the inner enamel epithelium 
paves the way to the formation of tooth follicle and to the 
morphogenesis of the entire dental structure. The fifth and 
last step is the “Secretory Stage”, during which the mature 
tooth makes its way through the gingiva and erupts (Tucker 
and Sharpe, 2004).

During teeth development, a quiescent population of stem 
cells deriving from neural crest cells remains entrapped into 
dental structures, becoming a useful source of stem cells 
(Kim et al., 2012; Martens et al., 2013; Park et al., 2016). 
Dental stem cells are classified on the basis of their location 
into tooth structure, as reported in Table 1. We will now dis-
cuss potentials of dental pulp stem cells (DPSCs), periodon-
tal ligament stem cells (PLDSCs), stem cells from the apical 
papilla (SCAPs) and of cells isolated from child deciduous 
teeth (SHEDs) or from dental follicle of developing teeth 
(DFSCs).

DPSCs were the first type of dental stem cells discovered, 
and were isolated from the dental pulp tissue by Gronthos 
et al. (2000). Physiologically, these cells forms new odon-
toblasts and produces new dentin in case of severe lesions 
of the teeth. Under opportune conditions, DPSCs are able 
to differentiate into neurogenic lineages, to express neural 
markers and to produce and secrete neurotrophic factors. 
At the present moment, DPSCs are the most investigated 
and promising dental stem cells for neural regeneration 
(Martens et al., 2013). PDLSCs are isolated from the peri-
odontal ligament, a specialized connective tissue that con-
nects cementum to the alveolar bone in order to maintain 
tooth stability. It has been demonstrated that PDLSCs are 
involved in cementum new formation, but they are able 
to produce and secrete markers typical of neuron, oligo-
dendrocytes and astrocytes in vitro (Martens et al., 2013). 
DPSCs and PDLSCs represent the two cell populations that 
can be isolated from mature adult teeth. SCAPs are isolated 
from developing teeth roots, so they are highly osteo/odon-
togenic-committed. It has been shown that in vitro SCAPs 
can express markers of glial cells (Martens et al., 2013). 
DFSCs can be isolated both from child developing teeth 
or from developing adult third molars. DFSCs are highly 
undifferentiated cells, and in vitro have shown the ability 
to differentiate into neuron-like cells (Martens et al., 2013). 
Finally, a component of stem cells can be isolated also from 
the child deciduous teeth. SHEDs are isolated from dental 
pulp of the deciduous teeth and possess osteo-inductive 
capacity. SHEDs are yet less studied, but they are gaining 
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attention for their capacity to differentiate into neurons 
(Martens et al., 2013).

The embryonic derivation of tooth stem cells from neural 
crest cell and they ability to differentiate into neuron-like 
cells under opportune conditions, make these cells a new 
suitable source for neural regeneration.

In vitro Neural Differentiation of Dental Stem 
Cells
To date, extensive studies have demonstrated that stem cells 
isolated from teeth express several neural markers upon ap-

Figure 1 Schematic representation of teeth development. 
The phenomenon takes five steps: the “Thickening Stage” during which the oral epithelium cells start to proliferate, the “Bud Stage” during which 
interactions between the oral epithelium and mesenchymal tissue give origin to the peripheral basal and stellate reticulum cells, the “Cap” and the 
“Bell Stage” that provide for the re-organization of the cells and for the inner enamel formation, and finally the “Secretory Stage”.

propriate conditions.
Takeyasu et al. (2006) showed that Stro-1 and Nestin pos-

itive DPSCs are able to form neurospheres in suspension 
in the presence of FGF2 factor and to became neuron-like 
cells when plated on a laminin-coated disk in the presence 
of cAMP, GDNF, SHH and FGF8. Shortly afterward Widera 
et al. (2007) were able to obtain neurospheres expressing 
Nestin and Sox-2 from PDLSCs, and to differentiate them 
into neuron-like cells on laminin-coated plates without the 
use of cytokines. Moreover, SCAPs isolated from human 
immature permanent teeth showed high proliferation rates 
and the expression of important neuronal markers, included 
GFAP, BIII-tubulin and neurofilament M after the exposure 
to bFGF and to EGF (Sonoyama et al., 2008). In addiction, 
Wang et al. (2010) indicated the formation of neurospheres 
also from SHEDs, if cultivated in medium optimized for 
NSCs and the possibility of further differentiating them into 
dopaminergic neurons.

These data show the possibility of direct differentiation 
into neural lineage of stem cells isolated from dental tissue. 
Hence, it is necessary to thoroughly investigate the possibili-
ty of using these cells in clinical practice.

In vivo Applicability of Dental Stem Cells
Although all the cells isolated from teeth have shown the 
capacity to differentiate into nervous system cells, only 
DPSCs and SHEDs have been yet tested as an innovative 
cell source for nervous system regenerative therapies. 
Pre-differentiated DPSCs and SHEDs have proved success-
ful both at the central nervous system (CNS) and the pe-
ripheral nervous system (PNS) levels, and seem to play a 
pivotal role in the secretion of neurotrophic factors useful 
for regeneration.

Concerning the CNS, Kiraly et al. (2011) demonstrated the 
ability of DPSCs to integrate into a mouse traumatic brain in-
jury, while de Almeida et al. (2011) showed the possibility of 

Table 1 Dental stem cells

Brain network analysis index

Peripheral basal and 
stellate reticulum cells

Thickening stage Bud stage Cap stage Bell stage Secretory stage

Inner enamel epithelium

Oral epithelium

Mesenchymal tissue
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using these cells in a model of spinal cord injury. Moreover, 
the neuroprotective effect of DPSCs were reported by several 
groups to be effective in animal models of CNS neurological 
disorders such as Alzheimer’s and Parkinson’s disease (Nos-
rat et al., 2001; Martens et al., 2013). As for SHEDs, SHED 
neurospheres obtained in vitro were transplanted in vivo 
and were able to survive and differentiate into dopaminer-
gic neurons in a rat model of Parkinson’s disease. Moreover 
these structures allowed partial improvements of the func-
tional impairment in treated animals (Wang et al., 2010).

DPSCs showed their applicability also at PNS level for 
peripheral nerve injury treatment: they were loaded on 
PLGA-collagen and the scaffold was inserted in a model of 
facial nerve injury. The system allowed the reconnection of 
damaged axons (Sasaki et al., 2011). 

Conclusions
The use of dental stem cells for cell-based therapies have 
gained increasingly interest in the last two decades. Prom-
ising results have already been obtained both in vitro and in 
animal models in vivo, and firmly pave the way to the ap-
plicability of these cells for the treatment of nervous system 
disorders. However, dental stem cells are not free from issues 
of concern, first of all possible problems with tumorigenic-
ity, like other types of adult stem cells, and, secondly, more 
animal studies have to be done before their applicability can 
be convincingly established at a human level. In spite of this, 
dental stem cells represent today a valid alternative to other 
sources of MSCs and the research in this field will probably 
obtain interesting results in the future.
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