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Abstract The cryopreservation of exfoliated decid-
uous teeth and harvesting of stem cells from them as
required would reduce the costs and efforts associated
with banking stem cells from primary teeth. The aim
of this study was determine whether the viability of
pulp stromal cells from deciduous teeth was influ-
enced by the cryopreservation process itself or the
period of cryopreservation. In total, 126 deciduous
teeth were divided into three groups: (1) fresh, (2)
cryopreserved for <3 months (cryo<3), and (3) cryo-
preserved for 3-9 months (cryo3-9). The viability of
the pulp tissues was compared among the three groups
by evaluating the outgrowth from pulp tissues and
cell activity within those pulp tissues. In addition,
the terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was
performed to compare cell apoptosis within fresh pulp
tissue and pulp tissue that had been cryopreserved for
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4 months. The outgrowth from and cell activity within
the pulp tissues did not differ significantly between
the fresh and cryo<3 pulp tissues. However, these
parameters were significantly reduced in the cryo3-9
pulp tissue. In TUNEL assay, 4-month cryopreserved
pulp tissues has more apoptotic cells than fresh group.
In conclusion, it is possible to acquire pulp stromal
cells from cryopreserved deciduous teeth. However, as
the period of cryopreservation becomes longer, it is
difficult to get pulp cells due to reduced cell viability.
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Introduction

Interest in the ability of stem cells to differentiate into
a variety of cells has been increasing, and there has
been a concomitant increase in the number of studies
regarding the treatment of damaged tissues with stem
cells. In particular, many studies have investigated
mesenchymal stem cells derived from bone marrow
(Bruder et al. 1997; Fernandez-Aviles et al. 2004;
Yang et al. 2011). Studies on stem cells from tooth-
related tissues such as the pulp (Iohara et al. 2006;
Zhang et al. 2006), periodontal ligament (Huang et al.
2009), and dental follicles (Yao et al. 2008) are
currently in progress. The tissues of deciduous teeth
can be acquired noninvasively, since almost everyone
experiences shedding of such teeth without requiring a

@ Springer



68

Cell Tissue Bank (2014) 15:67-74

painful iatrogenic procedure. The cells of deciduous
teeth are of particular interest because they have a high
proliferation rate (Miura et al. 2003; Nakamura et al.
2009), which has prompted many studies using
deciduous teeth as a source of stem cells (Arora
et al. 2009; Karaoz et al. 2010; Miura et al. 2003;
Nakamura et al. 2009).

Studies into the cryopreservation of teeth have
traditionally focused on the transplantation of perma-
nent teeth (Izumi et al. 2007; Laureys et al. 2001;
Schwartz 1986; Schwartz et al. 1985; Schwartz and
Rank 1986), and the question of survival of the
replanted teeth has led to studies of the viability of
periodontal ligament and pulpal tissues of the cryo-
preserved teeth (Oh et al. 2005; Price and Cserepfalvi
1972; Schwartz and Rank 1986; Temmerman et al.
2010). Recent interest in stem cells has also resulted in
many studies on cells obtained from cryopreserved
permanent teeth (Lee et al. 2010; Min et al. 2010; Oh
et al. 2005; Perry et al. 2008; Woods et al. 2009).

Since deciduous teeth cannot be used to replant or
transplant, it has not been considered necessary to
cryopreserve them. However, the ability to cryopre-
serve deciduous teeth themselves and obtain stem cells
from such teeth whenever necessary would decrease
the costs and efforts associated with banking stem
cells from deciduous teeth (Arora et al. 2009).
However, no study has investigated obtaining stem
cells from cryopreserved deciduous teeth or even the
effects of cryopreservation itself and the cryopreser-
vation period on cell viability within pulpal tissues.

The aim of this study was thus to determine the
effect of the cryopreservation process and the cryo-
preservation period on the viability of pulp stromal
cells in deciduous teeth.

Materials and methods
Subjects and cryopreservation

The experimental protocol was approved by the
Institutional Review Board of the Dental Hospital,
Yonsei University, and informed consent to partici-
pate was obtained from all of the subjects and their
parents (approval no. #2-2011-0034). In total, 122
deciduous teeth were obtained from 105 healthy
persons (69 males and 36 females, aged 3—16 years).
The experimental subjects were deciduous incisors
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and deciduous molars close to natural exfoliation with
less than one-third of the root remaining. Deciduous
teeth with deep caries, any type of restoration, periap-
ical lesions or internal resorption were excluded.
After extracting the deciduous teeth they were
divided randomly in a single-blind manner into three
groups: (1) fresh, (2) cryopreserved for <3 months
(cryo<3), and (3) cryopreserved for 3-9 months
(cryo3-9). The teeth of the cryopreservation groups
were kept in fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA) supplemented with 10 %
dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO,
USA) for 1 h at 4 °C, and then placed into a deep
freezer (Cryo 1 °C freezing container, Nalge Nunc
International, Rochester, NY, USA) in which they
were slowly frozen from 4 to —80 °C at arate of 1 °C/
min. The teeth were then plunged into liquid nitrogen
at —196 °C. After storage in liquid nitrogen for
1-9 months (depending upon the experimental group)
the teeth were rapidly thawed in a 37 °C water bath in
preparation for the subsequent experiments. Immedi-
ately after extraction, teeth in the fresh group were
kept in a cell culture medium comprising o-minimum
essential medium (a-MEM; Invitrogen) with 10 %
FBS, 100 U/ml penicillin, 100 pg/ml streptomycin
(Invitrogen), 2 mM L-glutamine (Invitrogen), and
10 mM L-ascorbic acid (Sigma) for 1 h at 4 °C, in
preparation for the subsequent experiments.

Primary culture

Pulp stromal cells were obtained using the outgrowth
method from fresh teeth (n = 30), cryo<3 teeth
(n = 13), and cryo3-9 teeth (n = 17). Pulpal tissue
was removed using a barbed broach (Mani, Uts-
unomiya Toshi-ken, Japan) and then cut into several
1-mm® fragments, placed on a 60-mm culture dish
(BD Falcon, Lincoln Park, NJ, USA), covered with
cover glass (Superior, Lauda-Konigshofen, Germany),
and incubated with the aforementioned -culture
medium at 37 °C in a humid atmosphere containing
5 % CO,. The culture was classified as successful if
fibroblast-like cells were observed around the attached
tissues.

Cell activity in pulp tissues

Cell activity in the pulp tissue was measured using a
cell-counting assay kit (CCK-8, Dojindo Laboratories,



Cell Tissue Bank (2014) 15:67-74

69

Kumamoto, Japan). The number of living cells was
measured indirectly by colorimetric determination of
the amount of formazan salt that was formed as a result
of the reaction of the WST-8 reagent in the kit with
dehydrogenase in the living cells. Tissues from the
fresh (n = 30), cryo<3 (n=17), and cryo3-9
(n = 13) groups were used in these experiments. In
brief, 10 pl of CCK-8 solution and 100 pl of cell
culture medium were placed into the each well of a
96-well plate (BD Falcon), followed by the pulp
tissues. After incubation in the wells for 3 h at 37 °C
in a 5 % CO, atmosphere, the pulp tissues were
removed and then the optical density of each well was
measured using a spectrophotometer (Benchmark Plus
Microplate Reader, Bio-Rad, Hercules, CA, USA) ata
wavelength of 450 nm.

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling assay

The degree of apoptotic cell death in the pulp tissues
was evaluated by the terminal deoxynucleotidyl
transferase-mediated dUTP-biotin nick end labeling
(TUNEL; Travigen, Gaithersburg, MD, USA) assay.
A fresh deciduous tooth and a 4-month-cryopreserved
deciduous tooth were fixed with 10 % buffered
formalin (Sigma) at 4 °C overnight, decalcified with
10 % EDTA (pH 7.4; Fisher Scientific, Houston, TX,
USA) for 4 weeks, embedded in paraffin, and then
sectioned at a thickness of 4 pm. The sections were
attached to slide glasses, deparaffinized, and then
dehydrated. Staining procedures were performed
according to the manufacturer’s instructions. In brief,
the sections were preincubated with proteinase K
(Sigma), treated with 3 % hydrogen peroxide, and
then immersed in 1 x transferase-mediated deoxyur-
idine triphosphate (TdT; Sigma) labeling buffer for
5 min. After treatment with the Labeling Reaction
Mix (Sigma), the sections were incubated at 37 °C for
30 min in a humidity chamber and immersed in
1 x TdT Stop Buffer (Sigma) for 5 min at room
temperature to stop the labeling reaction. The samples
were washed twice in deionized water for 5 min at
room temperature and then incubated in streptavidin—
horseradish-peroxidase solution (Sigma). The sections
were then immersed in 3,3’-diaminobenzidine (Vector
Laboratories, Burlingame, CA, USA) solution for
2 min. They were examined under an optical micro-
scope (BX40, Olympus, Tokyo, Japan).

Statistical analysis

Statistical analysis was performed with SPSS (version
19.0, IBM, Chicago, IL, USA). Cell activity in pulp
tissues was analyzed using the Kruskal-Wallis test
followed by the Mann—Whitney U test with Bonfer-
roni correction (p < 0.017).

Results
Primary culture

The cell outgrown from the pulp tissues exhibited a
typical spindle-shaped fibroblastic ~morphology
(Fig. 1a, b). The morphologies evident in optical
microscopy were same for fresh and cryopreserved
teeth (Fig. lc, d). The success and failure cases of
primary culture in each group are detailed in Table 1.
The success rate was lowest in the cryo3-9 samples.

Cell activity in pulp tissue

Cell activity in the pulp tissues was significantly lower
in the cryo3—9 group than in the other two groups, as
illustrated in Figure 2 (p > 0.017).

TUNEL assays

The number of apoptotic cells was far higher in the
pulp of the apical portion in contact with the outside
environment than in the coronal portion in both the
fresh and 4-month-cryopreserved teeth, and was
higher in all portions of the cryopreserved tooth than
in the fresh tooth (Fig. 3).

Discussion

It is necessary to use an adequate freezing rate and
cryoprotective agents in order to protect against cell
injury during the cryopreservation procedure. Freezing
too rapidly can allow ice crystals to form inside the cells
because it becomes impossible to transport sufficient
water out of the cell, and this may cause cell necrosis
during thawing (Day and Stacey 2007; Han and Bischof
2004), while a freezing process that is too slow may
cause cell shrinkage due to the loss of intracellular fluid.
Therefore, rate-controlled freezing is recommended to
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Fig. 1 Primary cultures from exfoliated deciduous teeth. a Exfoliated deciduous tooth from a 6-year-old boy. b Pulpal cell outgrowth
from a pulp explant. ¢, d Pulpal cells from fresh teeth (c) and cryopreserved teeth (d). Scale bars 100 pm in (b) and 30 pm in (c, d)

Table 1 Cell-outgrowing ability from deciduous pulp tissues
from fresh, cryo<3, and cryo3-9 deciduous teeth

Fresh Cryo<3 Cryo3-9
Success 22 10 7
Failure 8 3 10
Total 30 13 17
Success rate (%) 733 76.9 41.2

cryo<3, cryopreserved for less than 3 months; cryo3-9,
cryopreserved for 3-9 months

reduce cell damage (Kawasaki et al. 2004). Cryopro-
tectants such as DMSO and glycerol are also commonly
used to increase the probability of cell survival. Several
studies have demonstrated that the use of 10 % DMSO
solution and a slow freezing protocol produces the
highest cell viability (Miyamoto et al. 2001; Schwartz
et al. 1985; Woods et al. 2009), and hence the teeth in
our study were slowly frozen in 10 % DMSO.

The survival of the pulpal cells within a tooth
depends on the degree of DMSO penetration. Several
studies (Jomha et al. 2002; Muldrew et al. 2001) have
shown that cryopreservation results in more nonviable
cells at deeper portions than in the superficial layer of
the tissue where cryoprotectants can penetrate easily.
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Fig. 2 Cell viability within pulp tissues of fresh (n = 30),
cryo<3 (n = 17), and cryo3-9 (n = 13) deciduous teeth. The
data are mean and SD values. *Kruskal-Wallis test followed by
Mann—Whitney U test (p < 0.017)

Another study found that the survival rate was higher
for immature permanent teeth than for mature teeth
because DMSO was more easily absorbed through the
root apices (Temmerman et al. 2010). Moreover,
drilling holes in teeth can improve the post-cryopres-
ervation outcome (Gioventu et al. 2012). Therefore, in
our study, to allow sufficient cryoprotective agent to
diffuse through the entire pulp tissue via the apical
portion, we stored the extracted teeth at 4 °C for 1 h



Cell Tissue Bank (2014) 15:67-74

71

Fresh
deciduous tooth

Fig. 3 Apoptotic cell staining by the TUNEL assay in fresh and
cryopreserved pulp tissues. a, ¢, e A fresh deciduous tooth. b, d,
f A deciduous tooth that was cryopreserved for 4 months.

before freezing them. Since the roots of deciduous
teeth are already almost resorbed, the area of contact
with the outside environment is relatively large, which
allowed DMSO to be readily absorbed into the deep
pulp tissues through the root apices.

Several methods can be used to culture cells from
tissues, including enzyme digestion and outgrowth
(Freshney 2005); in our study we estimated the cell
viability by evaluating the cell outgrowth from pulp
tissues. The outgrowth method takes longer but it can
result in homogeneous cells being harvested and is
particularly advantageous in cases involving small

Cryopreserved
deciduous tooth

A

N £ 3 -

Arrows indicate apoptotic cells stained positively with a dark-
brown color. Scale bars 1 mm in (a, b), 100 pm in (¢, d), and
20 pm in (e, f)

amounts of tissue (Huang et al. 2006). Although
enzyme digestion has been the most common method
used to acquire adult stem cells (Arora et al. 2009; Gay
et al. 2007; Nishino et al. 2011), it has been reported
that the outgrowth method can be used to acquire
multipotent stem cells (Bakopoulou et al. 2011; Spath
et al. 2010). We used the outgrowth method to isolate
the cells from pulp tissue because only a very small
amount of pulp tissues is available from deciduous
teeth that are close to natural exfoliation.

The use of the CCK-8 assay to measure the cell
activity in tissues represents a limitation of this study
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since we did not know how much of the CCK-8
solution had penetrated into the deeper portion of the
tissues, and hence the results may have reflected more
the effects on the outer portion than the deeper portion.
In addition, we performed the viability assessment
immediately post-thaw, which could provide elevated
results since it does not take into account the delayed
onset of cell death due to apoptosis. Nevertheless, the
assay is useful for evaluating the cell survival in
tissues indirectly, and is easy to apply, requires no
organic solvents or isotopes, and is more sensitive than
other viability assay tests.

The cell activity and cell-outgrowth ability did not
differ between the fresh and cryo<3 groups in this
study. This is consistent with (Temmerman et al.
2010) finding that the primary culture success rates did
not differ significantly between pulpal cells from
immature third molars cryopreserved for 1 month and
those cultured immediately after extraction. (Oh et al.
2005) also found that the activities of periodontal
ligament cells from human premolars cryopreserved
for 1 week did not differ significantly from those
obtained from fresh teeth. In contrast, other studies
found that the pulp viability was lower for cryopre-
served permanent teeth than for fresh teeth (Chen et al.
2011; Woods et al. 2009). However, those findings
might have been due to the use of permanent teeth with
a mature apex, which cannot absorb DMSO as easily
as can immature pulp or periodontal ligament. Our
study used deciduous teeth with large apices through
which DMSO could be absorbed, and thus the activity
of the cryopreserved tooth pulp was similar to that of
fresh tooth pulp.

Cells can generally be stored safely for many years
or even decades in liquid nitrogen. Previous studies
have found that stem cells could be isolated from even
6-month-cryopreserved teeth and that they exhibit
similar functionality (Perry et al. 2008; Woods et al.
2009). However, the survival rate of cells is lower
when they are frozen for much longer periods (Kobylka
et al. 1998; Liseth et al. 2009; Mugishima et al. 1999)
because photophysical events such as the formation of
free radicals and the production of breaks in macro-
molecules as direct results of impacts by background
ionizing radiation or cosmic rays (Mazur 1984) can
occur even in frozen aqueous systems at —196 °C.
Unlike previous studies, our study revealed that
cryopreservation for more than 3 months (cryo3-9)
reduced the cell activity and outgrowth ability, which

@ Springer

represents a rather rapid decrease in cell viability
despite the use of liquid nitrogen. We do not know the
exact reason for this phenomenon. During the cryo-
preservation periods of up to 9 months the cryovials
with teeth could have been moved from liquid nitrogen
to the outside environment in order to cryopreserve
other teeth or cells and thereby be repeatedly and
rapidly thawed and frozen. Our TUNEL assays
revealed that exfoliated deciduous teeth already have
many cells undergoing apoptosis—especially in the
apical portion of the pulp and the periodontal liga-
ment—induced by inflammatory reactions associated
with root resorption of deciduous teeth (Domon et al.
2008; Rodrigues et al. 2009). Even a small amount of
the natural radiation might enhance or accelerate the
apoptotic process in cryopreserved tissue cells.

Our TUNEL assays also revealed that the extent
and amount of apoptosis were greater in teeth that
had been cryopreserved for 4 months than in fresh
teeth. This is inconsistent with a previous study
finding that the number of apoptotic periodontal
ligament cells per unit area was similar in 1-week-
cryopreserved mandibular premolars and fresh pre-
molars (Oh et al. 2005). In our study the tissues were
cryopreserved for 4 months before performing TUN-
EL assays, so it can be assumed that the longer
cryopreservation period had negatively affected the
cell viability.

The TUNEL assays also showed that the degree of
apoptosis was greater in the apical than the coronal
portion of the pulp. This finding contrasts with a
previous study finding that the viability of cryopre-
served rat tooth pulp was greater in the apical than the
coronal portion of the pulp, which would be difficult
for DMSO to reach (Lee et al. 2012). However, our
study used nearly exfoliated teeth that exhibited
advanced root resorption. It may be that the apical
portion of the pulp exhibited more apoptosis than the
coronal portion because of apical inflammatory reac-
tions induced by the root resorption process.

We found that the cell viability did not differ
significantly between pulp tissues acquired from
cryopreserved deciduous teeth and fresh teeth, and
hence it appears to be possible to acquire viable
stromal cells from cryopreserved deciduous teeth.
However, the viability of the cells decreases as the
period of cryopreservation lengthens. Future studies
should explore methods for increasing cell survival
rates after long-term cryopreservation and determine
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whether the cells from the pulp of cryopreserved
deciduous teeth indeed represent useful stem cells.
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