


















































































































































































3.4.2.2. Quantitative analysis of positive DCX labelled cells 

The descriptive analysis inc luded the continuous variables of the percentage of DCX 

labelled cells. positive proliferative cells, in both deciduous and permanent teeth, and was 

analysed and summarised by using the mean, standard deviation , median and interquartile 

range, and their di stribution was illustrated with bar column graphs. Furthermore, the 

relationsh ip between the percentages of DCX labelled cells at days 7, 14 and 21 was 

determined by a one-way repeated analysis of variance (ANOVA). 

The mean indices of the percentage of viab le cells for both deciduous and permanent teeth 

were calculated at days 7, 14 and 21 and they are shown in Tables 9 and 10. 

Table 9: Mean indices of the percentage ofDCX+ labelled cells in deciduous teeth at days 

7, 14 and 21. 

Day Number of teeth Mean percentage of DCX+ cells (SD) Range 

Day 7 30 51.2 (9.0) 42-61% 

Day 14 30 50.3 (8.9) 42-87% 

Day 21 30 24.7 (6 .9) 17-52% 

Table 10: Mean indices of the percentage of DCX+ labelled cells in permanent teeth at 

days 7, 14 and 21. 

Day Number ofteeth Mean percentage of DCX+ cells (SD) Range 

Day 7 30 53.3 (8.1 ) 42-76% 

Day 14 30 49.8 (10.5) 42-78% 

Day 21 30 25.6 (7.0) 17-54% 
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Figure 29: Representative hi stograms of the percentage of DCX+ labelled cells at day 7 for deciduous 

(A) and permanent (8 ) teeth, day 14 for deciduous (C) and perma nent (D) teeth and day 21 for 

deciduous (E) and permanent (F) teeth. 
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For each designated time point, the mean percentage of viable neuronal differentiated cells 

were statistically compared using an analysis of variance (ANOVA) and they were all 

significantly different to each other (p<0.00 1), as it is illustrated in Fig. 30. 
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Figure 30: Representative graph of the comparison of the percentage of DCX+ labelled cells at days 

7, 14 and 21, in deciduous (A) and permanent (8) teeth. 
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3.4.3. Nestin 

3.4.3.1. Descriptive analysis positive nestin labelled cells 

Characterised SHEDs and DPSCs cultured in the neuroinductive medium both exhibited 

nestin positive labelled cells. Most of the differentiated neuronal cells exhibited stellate 

shaped morphology with growing dendritic processes. The expression of nestin , always 

exhibited in all samples, was opposite to that of doubiec0l1in during the incubation period: 

it appeared as brown stains of varying size in the cells. It also became clearly detectable 

from day 7 and progressively increased as the newly differentiated neurogenic cells were 

undergoing maturation at day 21 (Fig. 31). 
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NESTIN EXPRESSION 

Figure 31: Representative photomicrograph of nestin positive cells exhibited in both 

deciduous and permanent teeth at day 21 (x 400). The brown and rounded stains are 

demonstrated as the cells are gradually reaching maturation. 
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3.4.3.2. Quantitative analysis of positive nestin labelled cells 

3.4.3.2.1. Percentage of positive nestin labelled cells 

The descriptive analysis included the continuous variables of the percentage of nest in. 

positive labelled cells, in both deciduous and permanent teeth , and was analysed and 

summarised by using the mean, standard deviation , median and interqual1ile range, and 

their distribution was illustrated with bar column graphs. Furthermore, the relationship 

between the percentages of nestin positive labelled cells at days 7, 14 and 21 was 

determined by a one-way repeated analysis of variance (ANOvA). 

The mean indices ofthe percentage of viable cells for both deciduous and permanent teeth 

were calculated at days 7, 14 and 21 and they are shown in Tables 11 and 12. 
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Table 11: Mean indices of the percentage of positive nestin labelled ce ll s in deciduous 

teeth at days 7, 14 and 2 1. 

Day Number of teeth Mean percentage of nestin+ cells Range 

(SD) 

Day 7 30 22.2 (4.8) 12-34% 

Day 14 30 27.2 (6.4) 24-46% 

Day 21 30 32.3 (7 .1 ) 26-56% 

Table 12: Mean indices of the percentage of positive nestin labelled cells in permanent 

teeth at days 7, 14 and 21 . 

Day Number of teeth Mean percentage of nestin+ cells Range 

(SD) 

Day 7 30 22.4 (4.6) 16-35% 

Day 14 30 27.5 (6 .1 ) 21-45% 

Day 21 30 32.8 (5 .7) 28-52% 
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Figure 31: Representative histograms of the percentage of nestin positive labelled cells at day 7 for 

deciduous (A) and permanent (B) teeth, day 14 for deciduous (C) and permanent (D) and day 21 for 

deciduous (E) and permanent (F) teeth. 
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3.4.3.2. Comparative analysis of positive nestin labelled cells 

For each designated time point and in the two populations, the mean percentage of nestin 

positive cells and DCX positive cells were stati stically compared using an analysis of 

variance (AN OVA) and they were all significantly different to each other (p<O.OOI), as it 

is illustrated in Fig. 33. 
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Figure 33: Representative graphs of the comparison of the percentage of nestin positive cells at days 

7, 14 and 21 for deciduous (A) and permanent (B) teeth. 
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7, 14 and 2 1, in both deciduous and perma nent teeth. 
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CHAPTER 4 

DISCUSSION 

Since the discovery of mesenchymal stem cells, various studies have provided evidence of 

their ability of continuous self-renewal and their differentiation into several specialised cell 

lineages. They have been successfully isolated from various adult tissues and used in 

regenerative medicine, thus paving the way for stem cell biology as a research field 

(Caplan et al. 199 I). Human dental stem cells lately discovered in the teeth and their 

supportive tissues have singularised a unique pool of mesenchymal stem cells, easily 

isolated in a non-traumatic manner, thus abolishing some highly contentious ethical and 

clinical debate (Gronthos et al. 2002). 

4.1. Statement of the principal findings 

The present study has provided, in a South African cohort, descriptive and quantitative 

evidence ofthe neurogenic potential and differentiation ofthe dental stem cells identified 

in the pulp tissue of permanent and deciduous teeth namely, dental pulp stem cells 

(OPSCs) and stem cells ofthe human exfoliated deciduous teeth (SHEDs). These results, 

accomplished through a combination of cell culture, flow cytometry, neural induction and 

immunocytochemistry analysis, have granted conclusive evidence of the neurogenic 

potential of these two populations when cultured in the appropriate conditions. 

4.2. Cell culture findings 

The self-renewal potential of culture-expanded OPSCs and SHEDs, under the standard in 

vitro differentiating conditions, is well documented and has firstly been demonstrated by 

Gronthos et al. (2000) and Miura et al. (2003) respectively. One of the set criteria 
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proposed by the Mesenchymal and Tissue Stem Cell Committee of the International 

Society for Cellular Therapy (ISCT) to define human MSC for both laboratory-based 

scientific investigations as well as pre-clinical studies, and regardless of their tissue of 

origin, is their adherence to culture flasks (Dominici et af. 2006). 

The findings in this study showed that cell proliferation was successful in both populations, 

with the first sign of cell renewal and cell adherence noted after one day and three days of 

culture respectively. In each population, the mean percentages of viable celis, at each 

designated time point, were all statistically significantly different to each other (p<O.OOO I). 

On the other hand, there was no statistically significant difference in comparative indices 

of viable cells between the deciduous and permanent groups. The sample size of 30 

deciduous and permanent teeth was sufficient for descriptive analysis and paired 

comparison ofthe results obtained at different incubation times. The relationship between 

results at days 7, 14 and 21 for indices of viable cells, determined by a one-way repeated 

measures ANOV A test, was in accordance with previous studies reporting no significant 

difference (p<O.OOOI) in cellular proliferation between the two populations (Wang et al. 

2012). 

At day one, both SHEDs and DPSCs exhibited the same rounded and spherical 

morphology that has been well published, and they were still floating in the culture 

medium (Gronthos et al. 2000; Miura et al. 2003). From day 3, colony forming units of 

fibroblast-like cells (CFU-F) were discernible in the two populations, as reported by the 

latter researchers and Morszcek et al. in 2005. In addition, a significant increase in cell 

proliferation and percentage of viable cells in the culture medium, analysed at 7-days 

intervals was observed with prolonged incubation (p<O.OOO I). This was similar to the 
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early findings of Friedenstein et al. (1976) on mesenchymal stem cells cultured in vitro: he 

reported that the most tightly adherent cells in the flasks were spindled-shaped and 

aggregated in foci of two to four cells. These cells were initially inactive for 2 to 4 days, 

after which they began to rapidly multiply (Frieden stein et al. 1976). From day 7, the first 

enumeration of cells was possible with the first passage of the cells with a frequency of 

approximately I :376. This value was in accordance with the frequency of cells (1 :400) 

obtained by Gronthos et al. (2000) in their experiment on dental pulp stem cells. 

Cell culture results in this present investigation correlate extremely favourably with most 

published studies. Proliferative cells in the two populations were morphologically similar; 

in addition, the expanded cells were almost indistinguishable when the phenotype 

displayed in the two populations was observed, as reported by Wang et al. (2012). 

Furthermore, they assumed the typical spindle-shaped appearance of mesenchymal stem 

cells showing cell processes. They all exhibited heterogeneity in size and they all showed 

definite signs of cell division as indicated by their round or oval nuclei with multiple 

nucleoli. These morphological characteristics were analogous to the ones observed in 

mesenchymal stem cells obtained from the bone marrow (Huang et al. 2009). Similarly, 

the detection of cell semi-con fluency and confluency at day 14 and 21 respectively in the 

two populations cultures was also equivalent to the observations of Gronthos et al. (2000), 

Huang et al. (2009) and Miura et aI., (2003). Moreover, Gronthos et al. (2000) attributed 

the high rate of cell replication at day 21 to the several cell culture promoting supplements 

in the media. 

Manas et al. (1998) examined the morphology, phenotype and in vitro functions of 

mesenchymal stem cells isolated from bone marrow samples. They noted that from 
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passage 1 corresponding to day 14 of incubation in their study, the primary cultures 

consisted of a heterogeneous population. They observed the co-existence of 

haematopoietic stem cells as well as the typical spindle-shaped mesenchymal stem cells 

(Manas et af. 1998). The former was indicated by several accumulations of cobblestone 

areas formation characteristic of haematopoietic stem cells. The authors concluded that a 

small percentage of the latter persisted in expanded culture of mesenchymal stem cells. 

This data then demonstrated that, in long-term culture assays, mesenchymal stem cells had 

the ability to support haematopoietic differentiation in vitro (Manas et af. 1998). In the 

present study, very few rounded and viable cells were also noted and remained scattered in 

the culture flasks after days 7 (passage 1) and 14 (passage 2). However, these cells, not 

included in the study objectives, were not investigated any further. It is then recommended 

that their supplementary analysis could perhaps be included in future projects. 

4.3. Flow cytometry observations 

In the present study, the findings of the flow cytometric experiment demonstrated that cells 

from both tooth type were expressing CD29, CD44, CD90 and COlO5, with a 

predominance of C029 in deciduous teeth and C044 in the permanent teeth samples. 

There was a statistically significant difference in the C029+ and C044+ indices observed in 

permanent and deciduous teeth respectively (p<O.OOOl). Furthermore, CD90 and COlO5 

were also expressed with a higher display ofCD90 in both popUlations (58.6% and 59.5% 

in deciduous and permanent teeth respectively) and a lower detection of CD 105 (30.7% 

and 29.8% in deciduous and permanent teeth respectively). In addition, the CD14 and 

CD45 used for the negative selection in the gating strategy were not exhibited on the cell 

surface, except in the small percentage of contaminated CD29+ and C044+ cells which 

showed a slight percentage ofCD14- cells. As C014 is a marker that primarily 
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discriminates monocytes and macrophages from mesenchymal stem cells, this expression 

was probably attributed to the large size of the former cells acquired and registered in the 

forward scatter. 

The presence of CD29+ and CD44+ cells, supplemented by CD90+, CD 105+, CD 14- and 

CD4S- cells was positively identified in this experiment, thus confirming the phenotype of 

the isolated pulp tissue cells from deciduous and permanent teeth as dental stem cells. 

These results were in accordance with the findings reported by Tsai et at. (2004) who 

isolated mesenchymal stem cells from amniotic fluid obtained by second-trimester 

amniocentesis. The cell cultures were characterised from passage 8 and were analysed for 

the following surface antigens: COlO, COil, CDI4, CD34, CD90, CDIOS, CDl17 and 

HLA-A, B, C. This was the first identification of the positive expression ofCD29 and 

CD44, the low positive expression of CD90 and CD I 05 and the lack of expression of 

CDI4, in a pool of pluripotent mesenchymal stem cells. The early antigenic expression of 

CD73 demonstrated by Tsai et al. (2004) is an essential characteristic that defines 

mesenchymal stem cells. CD73 is an adhesion molecule that is thought be a signal 

transduction activator during the interaction of the mesenchymal stem cells with the rest of 

the stromal environment component (Barry et at. 2004). Although Tsai conducted his 

study in a foetal tissue, it later appeared to follow the general rules of positive and negative 

markers, as a minimal criterion of expression for mesenchymal stem cells therapy 

(Dominici et at., 2006). This also corresponded to the results ofYu et at. (2010) and 

Orciani et at. (20 10) who confirmed this phenotype in mesenchymal stem cells from 

various sources. Both authors stated the low expression of CD 105 and the absence of 

CDI4 and CD4S cell surface markers. 
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The surface antigen profile established in the culture-expanded cells was equivalent to the 

observations of Gronthos et at. (2006) who investigated the markers expressed in isolated 

adult stem cells of dental origin. In his analysis carried out in both deciduous and 

permanent teeth, the most expressed putative stem cell marker was STRO-I, a trypsin­

resistant cell-surface antigen used to isolate and purify bone marrow stromal cells. This 

was followed by the expression ofCD29 and CD44, as well as CD146, a perivascular stem 

cell marker. The expression ofCDI46 in a population of mesenchymal stem cells created 

much interest as it suggested that dental stem cells originated from the bone marrow 

perivascular niche (McCulloch et al. 1995; Bianco et al. 2001). It was also demonstrated 

that low expression of CD 146 indicated the presence of unipotent mesenchymal stem cells 

with a low cloning efficiency (McCulloch et al. 1995; Bianco et al. 200 I). Furthermore, as 

CD146 is a marker related to the regulation ofhaematopoiesis, Gronthos' conclusions 

corroborated the findings of Manas et al. (1998) describing the persistent detection of 

cobblestone-like haematopoietic stem cells in mesenchymal stem cells assays. 

Evidence of the co-existence of a small percentage of haematopoietic stem cells with 

mesenchymal stem cells has also been provided by Okolicsanyi et al. (2015). Human 

mesenchymal stem cells isolated from the iliac crest of five different healthy donors and 

commercially available were culture-expanded, for a period of approximately 60 days. 

They established that, even after 20 enzymatic passages, the incubated cells retained their 

three mesenchymal lineage potentials (chondrogenic, adipogenic and osteogenic) as well 

as their neural potential. In addition, the expression of cell surface markers was examined 

and the generated cells consistently exhibited the positive low expression of the 

haematopoietic stem cell marker CD45. However, this low manifestation ofCD45 did not 
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alter the expression of the other known mesenchymal stem cell markers (Okolicsanyi et al., 

2015). 

4.4. Neural differentiation report 

The ability of all five types of dental stem cells to differentiate into various specialised cell 

lineages, when cultured in the appropriate environment, is well documented (Gronthos et 

af. 2000; Miura et af. 2003; Seo et al. 2004; Morszeck et al. 2005; Sonoyama et af. 2008; 

Huang et af. 2009). However, the majority of the studies have particularly targeted their 

odontoblast-like and osteogenic differentiation potential for their further use in tooth 

mineralisation and repair (Gronthos et al. 2000; Laino et al. 2005; Huang et al. 2009). 

Recently, a few studies centred on the neurogenic phenotype of both SHEDs and DPSCs 

(Miura et af. 2003; Gronthos et af. 2009; Gervois et af. 2014), have successfully shown 

that they offer a reliable alternative source of mesenchymal stem cells as they can produce 

potential neurons and functional neurons in vitro (Arthur et af. 2008; Gervois et af. 2014;). 

Gronthos et al. (2000) heralded that the multipotent stem cells of the pulp of permanent 

teeth were able to express neural markers after their transplantation into mice. Three years 

later, Miura et al. (2003) described the differentiation of SHEDs into neural cells and 

established their persistent display of neuronal and glial cell markers after their in vivo 

transplantation into the dentate gyrus of immunocompromised mice. 

Dental stem cells originate from the neural crest derived ectomesenchyme (Nanci 2008; 

Moore 2013). The dorsolateral migration of the neural crest cells into the developing tooth 

during odontogenesis suggest that dental stem cells are capacitated to differentiate into 

neurogenic cells (Arthur et al. 2008; Ernst et a1.2009; Le Douarin et al.2012). This 

hypothesis has been demonstrated in several studies (Bianco et af. 2001) and dental stem 
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cells have now been progressively used for tissue repair and regeneration in 

neurodegenerative diseases (Sakai et al. 2012). Moreover, Nosrat et al. (1998) conducted 

neural differentiation experiments in the dental pulp of rats and demonstrated the 

production of neurotrophic factors by DPSCs in vitro. They further culture-expanded the 

neural differentiated DPSCs with embryonic neurons and found the viability of the latter 

were actually promoted by DPSCs (Nosrat et al. 2004). 

In the present study, DPSCS and SHEDs were incubated in 6-well plates at a concentration 

of2xl03 cells per ml of the neuroinductive medium (Gronthos et al.2009; Gervois et al. 

2014). Our results showed that cell differentiation was successful in both populations, 

with the first sign of floating neurospheres indicative of neural differentiation observed at 

early stages. As differentiation and maturation proceeded until day 21, the cells were 

acquiring a different elongated morphology with cytoplasmic extensions, typical of neural 

cells. The same period of differentiation was noted in the work of Pittenger et al. (1999), 

who investigated the multilineage potential of adult human mesenchymal stem cells. He 

demonstrated that after 3 weeks of incubation in a lineage-specific medium, culture­

expanded cells were highly exhibiting the phenotype of the selected lineage-specific cell 

types. These results were also reported by Ernst and Morszeck (2009) who studied the 

neurogenic potential of murine dental follicle stem cells. They showed the morphological 

changes undergone by the cells cultured in neurogenic medium: after the appearance of 

neutrospheres at the beginning of the cultivation, differentiated cells exhibited a flattened 

shape with dendritic extensions from day 7 of expansion in a neuroinductive medium 

(Ernst et al. 2009). Furthermore, these findings were similar to those of Gervois et al. 

(2015) who also reported the two-step process in the acquisition of neuronal morphology 

during the differentiation process. At early stages the induced DPSCs cells were 
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transformed into free floating neurospheres while in the late stage of differentiation, cells 

that grew out of the neurospheres were characterised as elongated cells with multiple 

cytoplasm ic extensions. Okol icsanyi et al. (2015) in their long-term culture of 

commercially available mesenchymal stem cells also reported the consistent formation of 

neurospheres in the initial phase of neural differentiation. This was then followed by the 

appearance of neural cells displaying a fibroblastic phenotype, even after an extended in 

vitro expansion corresponding to 20 enzymatic passages (Okolicsanyi et al. 2015). 

4.5. Immunocytochemistry findings 

The findings of this immunocytochemistry analysis ascertained the proliferation of newly 

differentiated neuronal cells through the Ki-67 positive proliferative cells and also 

established the persistence of the neural lineage throughout the incubation period with 

doublecortin and nestin immunoreactity. 

4.5.1. Ki-67 

One of the defining criteria of stem cells is their ability to self-regenerate and undergo 

multiple cycles of cell division (Kumar et al. 20l3). Cell proliferation is characterised by 

DNA replication and mitosis occurring during the cell cycle (Kumar et al. 20l3). A 

number of growth factors stimulate cells to the transition from cell quiescent phase into 

cell cycle division phase (Kumar et al. 20l3). The intrinsic proliferative capacity of cells 

can be measured by indices of proliferation factors such as Ki-67 (Kumar et al. 20l3). 

SHEDs and DPSCs have shown in previous studies, a significant proliferation rate and 

differentiation potential into many functional cell types (Gronthos et al. 2000; Miura et al. 

2003; Sakai et al. 2012). 
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The results of this present experiment revealed, in both deciduous and permanent teeth, the 

presence of Ki-67 positive proliferative cells following their exposure to a neuroinductive 

medium. SHEDs and DPSCs proliferation rates were assessed at days 7, 14 and 21 and Ki-

67 stained cells were predominant at the early stages of incubation. At day 7, the cultures 

of neural differentiated cells comprised small clusters of cells arranged into neurospheres, 

and rapidly proliferating (68.1 %). However, from day 14, the cells exhibited an elongated 

and increased size, accompanied by a deceleration in their multiplication values. In each 

population, the mean percentages of Ki-67 positive proliferative cells, at each designated 

time point, were all statistically significantly different to each other (p<O.OOO 1). On the 

other hand, there was no statistically significant difference in comparative indices of Ki-67 

positive proliferative cells between the deciduous and permanent groups. 

The findings in this study were in accordance with the reports of Gronthos et al. (2000) 

and Miura et al. (2003) who studied the proliferative activities ofDPSCs and SHEDs 

respectively. In both populations, the presence of Ki-67 nuclear labelling in the early 

stages of cell differentiation was emphasised. Moreover, the researchers observed that the 

growth rate of both cells exhibited a mild decrease after a prolonged incubation period. 

Seo et al. (2004) then Coura et al. (2008) made the same conclusion in their experiments 

on another category of dental stem cells isolated from the periodontal ligament. In 

addition, they also noted that the areas of proliferative activity were in close proximity to 

the developing blood vessels in stem cell niches, again suggesting the perivascular origin 

of dental stem cells (Seo et al. 2004; Coura et al. 2008). It is worthwhile noting that the 

decreased values in time ofKi-67 indices were contradictory to the recent work of 

Okolicsanyi et al. (2015) who were able to demonstrate a high growth rate as well as a 
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maintained differentiation potential in long-term culture-expanded mesenchymal stem 

cells. 

4.5.2. Doublecortin 

The findings of the immunocytochemistry analysis of double cortin (OCX) in this present 

study established the differentiation potential of SHEDs and DPSCs into immature 

neurons. To date, insufficient studies reporting the expression of DCX in neurogenic cells 

of dental stem cells origin have been undertaken. On the other hand, Blll-tubulin, a protein 

almost exclusively active in immature neurons has been studied (Bohlen et at. 2007; 

Gunewardene et al. 2014). 

Following the confirmation of the proliferative activity in the neuroinduced cultures, the 

expression of doublecortin (DCX) was investigated. In both SHEDs and DPSCs, a 

generally weak expression of DCX was observed. In addition, the estimated levels of 

DCX labelled cells were decreased with the incubation period. DCX levels of SHEDs and 

DPSCs were assessed at days 7, 14 and 21 and DCX stained cells were more discernible at 

the early stages of incubation. At day 7, the cultures of neural differentiated cells 

comprised DCX labelled cells scattered in the neurogenic medium and from day 14, there 

was a clear decrease in their number. In each population, the mean percentages of DCX 

positive labelled cells, at each designated time point, were all statistically significantly 

different to each other (p<O.OOO 1). On the other hand, there was no statistically significant 

difference in comparative indices of DC X positive labelled cells between the deciduous 

and permanent groups. 
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Sakai et af. (2012) investigated the neuroregenerative properties of SHEDs and DPCSs by 

transplanting them into a transected rat's spinal cord. Following their neurogenic 

induction, both populations co-expressed amongst other neural lineage markers, DCX, 

BlIl-tubulin and nestin. The obtained data showed that secretions of DC X and BIII-tubulin 

were predominant in the early stages of neural differentiation suggesting the higher 

percentage of immature neurons at that designated time (Sakai et al. 2012). The 

neuroregenerative properties of SHEDs and DPCSs were later evaluated by transplanting 

them into a transected rat's spinal cord. The findings revealed that during the acute phase 

of spinal cord injury, both SHEDs and DPSCs significantly improved the recovery of the 

locomotor function (Sakai et af. 2012). 

The results in this present research were similar to that of Tamaki et al. (2013) who 

analysed the neurogenic induction of human dental stem cells and bone marrow 

mesenchymal stem cells in vitro. The researchers confirmed the endogenous production of 

BIII-tubulin in the early stages of neural differentiation. From day 7, they noted that the 

cells exhibited a more neuron-like multipolar appearance (Tamaki et aI., 2013). 

Furthermore, in the dental stem cells group, the examination of the control cells cultured in 

the standard clonogenic growth medium revealed the continuous expression of BIIl­

tubulin. They therefore concluded that, because of the contribution of neural crest cells 

during tooth development (Le Douarin et al., 2012), dental stem cells had the intrinsic 

ability to differentiate into neuronal cells and neural maturation was then accomplished 

through the neuroinductive medium (Tamaki et aI., 2013). 
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4.5.3. Nestin 

The findings of the immunocytochemistry analysis of nest in in this present experiment 

established the differentiation competency of SHEDs and DPSCs into mature neurons. 

The expression of nest in was evaluated in both populations of SHEDs and DPSCS and it 

exhibited varying patterns with the period of incubation. Nestin levels in SHEDs and 

DPSCs were assessed at days 7, 14 and 21 and nestin stained cells were predominant at the 

late stages of incubation. At day 7, the cultures of neural differentiated cells comprised 

nestin labelled cells scattered in the neurogenic medium and from day 14, there was an 

increase in their number. In each population, the mean percentages of nestin 

immunoreactive cells, at each designated time point, were all statistically significantly 

different to each other (p<O.OOO 1). On the other hand, there was no statistically significant 

difference in comparative indices of nestin positive cells between the deciduous and 

permanent groups. 

This result was in accordance with several reports in the literature showing the standard 

expression of nestin in dental stem cells, after the stage of neurospheres and at late stages 

of the incubation period (Gronthos et al. 2002 and 2006; Miura et al. 2003; Morszeck et al. 

2005; Sakai et al. 2012). Gronthos et al. (2002,2006) and Miura et al. (2003) detected the 

expression of nestin in DPSCs and SHEDS neurogenic cultures respectively, from day 14 

of neural differentiation. Morszeck et al. (2005) reported the same observations in dental 

follicle stem cell neurogenic cultures and the high numbers of nestin positive cells was 

emphasised. This was attributed to the embryonic nature pertaining to the dental follicle 

and still maintained in the impacted third molar teeth. 
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However, these results were not similar to the findings of About et af. (2000) who explored 

the nestin expression in a sample of embryonic and adult human teeth. Active secretion of 

nestin was demonstrated in dental pulp tissue cultures of both embryonic and permanent 

teeth at all stages of development. In the embryonic samples. nestin labelled cells were 

shown in the developing odontoblasts from the bell stage of tooth development. In the 

developing third molar of young adult patients, nestin expression was also displayed in the 

odontoblasts and the authors attributed this immunoreactivity to the neural crest-derived 

nature of the odontogenic ectomesenchyme. They thus recommended the use ofNeuN, a 

soluble nuclear protein commonly used for as a biomarker for most neuronal cells (Mullen 

et af. 1992), for the identification of mature neuronal cells in dental tissues (About et af., 

2000). 

The latter results were also confirmed by Kerkis et af. (2007) who analysed cells isolated 

from deciduous pulp tissue samples. These cells were termed immature dental pulp stem 

cells (IDPSCs) as they expressed several embryonic stem cell markers. The spontaneous 

expression of neuronal markers (nestin and BIll -tubulin) was noted in both the 

experimental cells incubated in the neurogenic medium and the control group cultured in 

the standard clonogenic medium. Furthermore, nestin positive cells were as numerous as 

BIII-tubulin labelled cells during the entire differentiation process. The authors then 

suggested that IDPSCs could perhaps represent multipotent precursors of both SHEDs and 

DPSCs, however, recommended further studies in order to confirm their hypothesis. 
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CONCLUSION 

5.1. Cell culture 

CHAPTERS 

Cells isolated from the pulp of extracted deciduous and permanent teeth are highly 

proliferative, adherent in cell culture and they remain vital after a 3 weeks incubation 

period. The co-existence of haematopoietic stem cells with mesenchymal stem cells, 

although noted, has not been investigated further and this observation can be recommended 

for further studies. 

5.2. Flow cytometry 

The culture-expanded cells from the pulp tissue of deciduous and permanent teeth display 

the phenotypic cell surface markers described by the International Society of Cellular 

Therapy to characterise as mesenchymal stem cells: they were identified by various 

positive (CD29, CD44, CD90 and CDI OS) and negative mesenchymal stem cell markers 

(CD14 and CD4S). However, in both populations, the low expression ofCD4S+ cells 

observed in both populations again eludes to the expansion ofhaematopoietic stem cells in 

cultures of mesenchymal stem cells. This should be further examined in future 

experiments. 

5.3. Neural differentiation 

Characterised stem cells isolated from the human deciduous teeth and dental pulp stem 

cells exhibit the potential of self-renewal and differentiation in neuronal lineage. However, 

our study, restricted to an incubation period of three weeks, did not evaluate this 
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competency for a longer timeframe. A long term neural differentiation study could be 

envisaged in future work. 

5.4. Immunocytochemistry 

Ki-67 positive proliferative cells as well as doublecortin and nestin labelled cells in the 

neuroinduced SHEDs and DPSCs medium has been confirmed. In addition, an impaired 

proliferation rate has been noted after a prolonged culture period. Further investigation 

could perhaps intercept the exact time of cell incubation when this proliferation ceases. 

Furthermore, nestin expression throughout the life cycle of both the deciduous and 

permanent teeth, due to the neurocrestal origin of the odontogenic ectomesenchyme, has 

been reported. Future studies could perhaps focus on the expression ofNeuN, a neuronal 

specific nuclear marker observed in most neuronal cell types in human. Finally, in vivo 

experiments in laboratory animals could also be undertaken in order to investigate the 

functional capacity of these neuronal differentiated cells 
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APPENDIX B: Cell count using a haemocytometer chamber 

The culture-expanded cells from a confluent culture in a 25m I Nunc® culture flask were 

enzymatically treated. 

• I ml of accutase-treated cells was suspended in 4ml culture of growth medium 

• 20 III of this cell suspension was mixed with an equal volume of 0.4% trypan blue 

(a dilution factor of2) and then mixed thoroughly 

• 20 III of th is suspension was then placed into the two compartments of a clean and 

dry haemocytometer chamber, using a pipette. 

• Only the viable cells (clear cells) within the five squares were counted using the 

following formula below: 

• Cells per ml = average cell count per square X dilution factor X 104 

The desired cell concentration was obtained by diluting the cell suspension. 
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APPENDIX Cl: Media 

Phosphate buffered saline (PBS) (pH 7.4) 

The following salts were added to I litre of distilled water 

Na2HP04 

NaH2P04 

NaCI 

10.9 g 

3.2 g 

9g 

The pH of the solution was adjusted to 7.4 by adding 1M NaOH, then the solution was 

autoclaved and stored at 4°C. 

Digestive solution: 

The digestive solution consisted of the following supensions: 

Co llagenase: 

Dispase: 

6 mg / ml (0.06 g /10 ml) in PBS. 

8 mg / ml (0.08 g / 10ml) in PBS. 

The abovementioned suspensions were added to a 50 ml tube, at a ratio of I: I to obtain the 

digestive solution which was stored at -20°C and warmed to 37°C before use. 

Clonogenic medium: 

Add the following reagents to 80 ml of Alpha MEM: 

FBS: 

L-glutamine: 

Stock of J3-mecaptoethanol: 

Stock ofL-ascorbic acid 2-phosphate: 

Penicillin/Streptomycin: 

20 ml ofFBS 

1 ml 

250 ~l 

I 00 ~l of (1 000 x stock) in 100 ml 

50 ~l 

The solution was mixed and then stored at 4°C. 
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APPENDIX C2: Neurogenic Media 

Neuroinductive medium A 

The following reagents were added to 100 ml ofNeurobasal A media: 

B27 Supplement: 

Basic fibroblast growth factor: 

Penicillin/Streptomycin: 

Epidermal growth factor: 

Neuroinductive medium B 

The following reagents were added to 100 ml of a solution made of 50 ml of DMEM and 

50 ml ofF12 media: 

Insulin transferrin-sodium selenite supplement: 

Basic fibroblast growth factor: 

Penicillin/Streptomycin: 
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APPENDIX D: Immunocytochemistry solutions 

Phosphate buffered saline (PBS): 

The following salts were added into 1 litre de-ionized water: 

NaCI 8.00g 

Na 2HP04 1.1Sg 

KCI 0.20g 

KH2P04 0.20g 

The pH was adjusted to 7.4 by adding 1M NaOH and the solution was then stored at 4°C. 

Tris-Buffered Saline (TBS): 

The following salts were added into 1 litre de-ionized water: 

TRIS-BASE 6.0SSg 

NaCI 8.766g 

The pH was adjusted to 7.4 by adding 1M NaOH and the solution was then stored at 4°C. 

Diaminobenzidine tetrahydrochloride (DAB) reagent: 

DAB reagent consisted ofthe following suspensions: 

7 111 of 30% H202 added to 10 ml of distilled water 

1 mg/ ml DAB was added into 10 ml PBS 

The two solutions were then mixed and filtered through a filter paper. 
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APPENDIX El: Antibodies titration (CD14) 

FACSDiva Version 6.2 

50 100 150 200 250 

C 
::J 
o 
o 

. III 7 

Tube : 1_25ul 

FSC-A (x 1.000) 

CD1 4-1 

P3 

10:1 10 

CD14 APC-Cy7-A 

Population #Events 

• All Events 
. P1 

P2 

~P3 

Experiment Name: CD14 AP C H7 
Specimen Name: CD14 
Tube Name' 1_25ul 

100,000 
76.688 

2,217 
2,256 

Population %Parent 

P2 
~ P3 

2.9 
2.9 
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CD14-1 Su i 

CD14-1 25ul 

· 197 
o 10

2 
10:l 10 

CD14 APC-Cy7-A 

%Parent %Tota l 

###If- 100.0 
76 .7 76 .7 

2.9 2.2 
2.9 2.3 

CD14 APC-Cy7-A 
Mean 

CD14 APC- Cy7-A 
Median 

12,918 
12,651 

12,563 
12,416 



APPENDIX E2: Antibodies titration (CD4S) 

FACSDiva Version 6.2 

50 100 150 200 250 

FSC-A 

CD45-2 5ul 

p 

102 10~ 
CD45 Horizon V450-A 

Experiment Name: CD45 V450 
Speci men Name' CD45 
Tube Name. 2_5ul 

(x 1,000) 

Record Date. Oct 3, 201 3 1 :31 :00 PM 

Population 

P2 

~P3 
. P4 

%Parent 

99.7 
996 

0.3 

CD45-2 5ul 

.1 73 0 10
2 1 0~ lOS 

CD 45 Horizon V450-A 

Tube: 2 5ul 

Population 

. Al l Events 
. P1 

P2 

~P3 
. P4 

CD45 Horizon V450·A 
Mean 

16,516 
16,523 

29 

108 

#Events %Parent %Total 

100,000 nn 100.0 
48.410 48,4 48.4 
48.251 99,7 48.3 
48.229 99.6 48.2 

154 0.3 0.2 

CD45 Horizon V450-A 
Median 

16,185 
16,187 
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APPENDIX E3: Antibodies titration (CD29) 

FACSDiva Version 6.2 

CD29-2 5u l 

, , ~. 
. 't. :,.: 

. .. 
, . . 

,, ' .~:. " ;"',': ': .... ' : . 
. . " . ", 

50 100 150 200 250 10
3 

10
4 

FSC-A 

c-
:::> 
0 
u 

·470 
CD29 PE-A 

Experiment Name CD29 PE 
Spe cimen Name: CD29 
Tube Name: 2_5ul 

Population 

P2 
~P3 
. P4 
• P2 OR P4 

(x 1,000) CD29 PE-A 

Tube : 2_5ul 

Population #Events %Parent 

• All Events 200,000 "" . Pl 92,340 46 .2 
P2 52 ,087 56 .4 

~P3 50,646 54 .8 

. P4 40,079 43 4 
• P2 OR P4 92,166 99.8 

%Parent 

56.4 
54.8 
43. 4 
99 .8 
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CD29 PE-A 
Mean 

8,479 
8,634 
1,712 
5,536 

%Total 

100.0 

46.2 

26.0 
25.3 

20.0 
46.1 

CD29 PE-A 
Median 

6,999 
7,140 
1,695 
3,800 



APPENDIX E4: Antibodies titration (CD44) 

FACSDiva Version 6.2 

";;. ' -
, ': ,; . 

. . ' , :', :~. ': . : .: ,', . : 

~ o 
en 
en 

50 100 150 200 250 
FSC-A (x 1.000) 

CD44-1 25ul 

P3 

10:J lOS 

Tube: 1_25ul 

Population 

• All Events 
. Pl 

P2 

IZI P3 

CD44 FITC-A 

Experiment Name: CD44 FITC 
Specimen Name: CD44 
Tube Name: 1_25ul 
$OP: Nyota 

~ 
0 -
en 
en 

GUID: 5 af3fcfD-f84d-4 3af-8f60-80aa6d5181 b5 

Population 

. Pl 
P2 

IZI P3 

IEvents 

120,042 
104,533 
110,663 

%Parent 

600 
87 1 
92.2 

110 

SSC-A 
Mean 

26, 430 
25,858 
26,161 

IEvents 

200,000 
120,042 
104,533 
110,663 

CD44 FITC-A 
Mean 

3, 415 
3,815 
3,670 

%Parent %Total 

#### 100.0 
60.0 60.0 
87 .1 52.3 
92.2 55.3 

CD4 4 FITC-A 
Median 

3,396 
3,596 
3,516 



APPENDIX F: Compensation beads (experimental group) 

50 

FACSDiva Version 6.2 

CD44 FITC Stained Control 

100 150 200 250 10:1 

FSC-A (x 1,000) CD44 FITC-A 

Specimen Name: Compensation Controls 
Tube Name: CD44 FITC Stained Control 
$OP: Nyota 
QUID: e041ll16b-f52e-4228-938f-8b45abc2Illdb 

Population #Events %Parent 
2,491 
2,090 

49.8 
83.9 

CD29 PE Stained Control 

50 100 150 200 250 

FS C-A (x 1,000) 

Specimen Name: Compensation Controls 
Tube Name: CD29 PE Stained Control 
$OP: Nyota 

CD44 FlTC-A CD44 FlTC-A 
Mean 
4,3 42 
4,357 

Median 
4,303 
4,295 

CD29 PE Stained Control 

10:1 10 

CD29 PE-A 

GUID: cB259635-b3ge-4 7cc-b324-6bB7204 5 7 5e2 

Population #Events 
2,961 
2,766 

%Parent 
59.2 
93.4 

111 

CD29 PE-A CD29 PE-A 
Mean 

10,900 
11,050 

Median 
10,677 
10,682 
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APPENDIX F: Compensation beads (control group) 

Unstained Control 

50 100 150 

FSC·A 

Unstained Control 

FACSDiva Version 6.2 

.. .. ; 

200 250 
(x 1,000) 

c: 
::> 
o 
o 

C 
::l 
o 
o 

C 
::l 
o 
o 

Unstained Control 

Unstained 

Specimen Name Compensation Controls 
Tube Name Unslainea Control 

PopulallOn 
. PI 

112 

FlTC-A FlTC·A PE·A PE-APE-Cy _ PE-C. APC-A APC-A APC-.. APC-... Horiz. HOflz . 
Mean Meaian Mean Median Mean Meaian Mean Meaian Mean Meaian Mean Median . 

8 3 4 3 0 I I 0 0 240 236 
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