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Abstract

With the march of time our bodies start to wear out: eyesight fades, skin loses its elasticity, teeth 

and bones become more brittle, and injuries heal more slowly. These universal features of aging 

can be traced back to our stem cells. Aging has a profound effect on stem cells: DNA mutations 

naturally accumulate over time and our bodies have evolved highly specialized mechanisms to 

remove these damaged cells. While obviously beneficial, this repair mechanism also reduces the 

pool of available stem cells and this, in turn, has a dramatic effect on tissue homeostasis, and our 

rate of healing. Simply put: fewer stem cells means a decline in tissue function, and slower 

healing.

Despite this seemingly intractable situation, research over the past decade now demonstrates that 

some of the effects of aging are reversible. Nobel prize-winning research demonstrates that old 

cells can become young again and lessons learned from these experiments-in-a-dish are now being 

translated into human therapies. Scientists and clinicians around the world are identifying and 

characterizing methods to activate stem cells to reinvigorate the body’s natural regenerative 

process. If this research in dental regenerative medicine pans out, the end result will be tissue 

homeostasis and healing back to the levels we appreciated when we were young.
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This review focuses primarily on how aging impacts putative stem cell populations in the 

components comprising the periodontium. Accumulating evidence indicates that preserving 

these endogenous stem cell populations is a key factor in maintaining tissue integrity and 

reparative potential in older patients (70). Thus, the hunt is on for the stem cell-based 

therapies that can safely achieve this ambitious goal.

Aging impacts every tissue in the body. In addition to structural and anatomical changes 

aging is also associated with a decline in the ability to maintain tissue homeostasis and a 

progressive loss in healing capacity (reviewed in 15, 43, 85). Both homeostasis and tissue 

healing are dependent upon tissue-specific stem cells. The fact that stem cells persist 

throughout the life of an animal- via the process of self-renewal- makes these cells 

particularly sensitive to DNA damage that accumulates over time. In some cases this means 

that the number of stem cells declines in age; in other cases, aged stem cells show a 

diminished responsiveness to stem cell signals in their local environment (37, 48). The 

ability to reprogram aged somatic cells into induced pluripotent stem cells or stem-like cells 

was an apt demonstration that at least some of the cellular changes that accompany aging are 

reversible (reviewed in 79). Age-related changes can be reversed in a cell, but whether a 

clinically viable rejuvenation strategy built upon induced pluripotent stem cell technology 

exists is not clear. Induced pluripotent stem cells clearly adopt some of the features 

associated with young cells- and some of the features associated with cancer cells. Clearly, 

any strategy that is employed to reverse cellular aging, especially for non life-threatening 

conditions, will have to prioritize safety.

In this review we outline how aging impacts the periodontium, with a focus on the cellular 

and molecular changes that occur. We focus on recent discoveries that highlight the role that 

Wnt signaling plays in maintaining homeostasis of the components of the periodontium and 

how this knowledge informs clinically relevant strategies to maintain tissue health into old 

age.

Alveolar bone mass declines with age

Bone undergoes constant cellular renewal, and under normal physiological conditions its 

integrity depends on continuous remodeling. For example, bone remodeling removes micro-

damage and ensure a strong osteoid matrix (11) and for many years, the location and types 

of stem cells that maintain this tissue were hotly debated. Some placed the skeletal stem cell 

in the marrow cavity (58, 60) while others claimed the periosteum was the primary source 

(62, 74, 94). Pinpoint the source(s) of stem cells has direct relevance to clinical practice: for 

example, when placing an implant, surgeons are aware that minimal heat should be 

generated during osteotomy site preparation (21). The reason for this is clear: Excessive heat 

kills osteocytes, and this necrotic bone will eventually be resorbed (49); as a consequence, 

the implant can loosen and fail. Similarly, some skeletal stem cells reside within the 

periosteum (16); consequently efforts should be made to preserve that stem cell niche when 

possible. Clearly, understanding the molecular mechanisms by which stem cell proliferation 

and self-renewal are balanced would also provide some much-needed clues into how skeletal 

tissues can be maintained into old age.
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Given the importance of stem cells in maintaining bone, it is obviously beneficial to 

understand how aging affects their behaviors. For example, if “young” skeletal stem cells are 

plastic but environmental changes associated with aging switch them to a program of 

terminal differentiation (e.g., 28, 71) then we need to invest effort into understanding how to 

maintain their “stemness” into advanced age. A number of laboratories (1, 8, 98), including 

our own (37), have focused on this question as it relates to the maintenance of bone mass 

and bone healing.

One key regulator of stem cell self-renewal, and osteogenic differentiation is regulated by 

Wnt proteins (reviewed in 5). In humans, Wnt signaling regulates bone mass (10, 102), 

which suggests that modulating Wnt levels may improve bone regeneration in elderly 

patients (47). Alveolar bone is an ideal target for such Wnt-based therapeutic intervention 

(54). Alveolar bone mass declines with age (77, 88) and this loss in alveolar bone can result 

in a type of chronic periodontitis (51). Micro-computed tomography documented this age-

related decline in alveolar bone mass in mice (for similar results see (39, 73, 84). In these 

analyses young mice were between 2–3 months old, which equates with skeletally mature 

humans e.g., between the ages of 18–26 (31, 35). Aged mice, on the other hand, were >18 

months old, which equates to 75–95 year old humans (22). Buccal-lingual micro-computed 

tomography sections clearly demonstrate a dramatic loss in alveolar bone density in aged 

mice compared to their young counterparts (Fig. 1A,B). On a single micro-computed 

tomography section this age-related radiolucency appears somewhat cyst-like (orange arrow, 

Fig. 1B), but serial sections confirm decreased trabeculation throughout the aged mandible. 

Volume rendering of the mandibles also demonstrates a loss in alveolar bone height: In 

young animals the crest of the alveolar bone is near the cementoenamel junction (green 

arrows, Fig. 1C). In aged animals, alveolar bone exhibits considerable recession on both 

buccal and lingual surfaces, sufficient to expose the mesial surfaces of the first molars as 

well as all the furcations (red arrows, Fig. 1D). There is also evidence of extensive occlusal 

attrition (compare Fig. 1C,D).

Digitally removing the dentition allows for a detailed evaluation of how aging impacts 

alveolar bone thickness. In young mice color mapping illustrates that the mandible is 

between 0.2 and 0.3mm thick (Fig. 1E) whereas in aged mice it is on the order of 0.1mm or 

less (Fig. 1F); this reflects an overall age-related loss in bone thickness of ~30%. Of 

particular note is the extremely thin crestal bone in the aged cohort (red arrow, Fig. 1F). This 

pattern of bone loss in aged mice reflects the same pattern of bone loss seen in aging humans 

(86).

From a clinical perspective, thinning of facial alveolar bone is an inherently difficult 

problem to manage. Histologically, alveolar bone is a highly vascularized tissue in juveniles 

(Fig. 1G) and in a very young human patient population its ability to regenerate following 

trauma is well-documented (45, 89). In skeletally mature animals alveolar bone becomes 

denser and its highly vascularized status is reduced (Fig. 1H) and the bone becomes reduced 

to a knife-edge of mineralized tissue surrounding the dentition (Fig. 1I).

Periodontists are particularly aware that even a small amount of bone resorption in older 

patients with such thin alveolar bone plates has a dramatic affect on alveolar bone height 
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(29, 68, 96). Accompanying this loss in alveolar bone height is exposure of the root surface 

or, if a dental implant is in place, exposure of the implant threads. In the former case there is 

no method that reliably restores root coverage. In the latter case, exposure of implant threads 

is not only esthetically unacceptable; it also poses a risk for bacterial infection that can 

necessitate removal of the implant (3, 14, 44).

Collectively these data document the age-related phenomenon of decreased alveolar bone 

mass; they do not, however, explain why bone deposition declines with age. At least a partial 

answer to that question has come from analyses of humans with genetic diseases resulting in 

diminished bone mass (for example, see 26, 75); these studies conclusively demonstrate that 

a reduction in endogenous Wnt signaling lies at the heart of age-related bone loss in humans 

(33, 66, 75, 97). In addition to its function as a stem cell activator, Wnt signals directly 

inhibit osteoclast activity (4, 25) and directly accelerate the commitment of osteoprogenitor 

cells to an osteogenic lineage (30, 40, 103).

The therapeutic potential of Wnt signal modification is now being developed for human use 

(41). One strategy to amplify endogenous Wnt signaling is to inhibit an inhibitor of the Wnt 

pathway, such as sclerostin (55). An anti-sclerostin antibody is being tested as a means to 

reduce age-related osteoporosis (12), with encouraging initial clinical results (72). Others 

(95) and we (61, 69) have demonstrated that a liposome-reconstituted version of a WNT3A 

protein (20) enhances Wnt signaling around implants, and improves osseointegration. This 

formulation of liposomal WNT (L-WNT3A) activates endogenous mesenchymal and 

skeletal stem cells, leading to their faster differentiation into bone-forming osteoblasts (37). 

As a consequence, skeletal and dental injuries treated with L-WNT show significantly better 

healing (37, 48, 59).

There remain a number of important questions. For example, we still need to have a better 

understanding of where stem cells reside within bone. Are they within the marrow cavity, or 

primarily the endosteum or the periosteum (16)? What about alleged “circulating skeletal 

stem cells” (46); do they actually contribute to bone volume in a meaningful way? And what 

about parts of the skeleton that don’t have a periosteum- such as the tooth extraction socket- 

where do the skeletal progenitors come from that lead to new bone formation? If we had 

answers to these questions then we would be able to focus our inquiries on whether aging 

represents a deficit in stem cell function- which could be reversed by stem cell activation- or 

an actual decline in their numbers, which would perhaps necessitate the actual introduction 

of stem cells as a therapeutic approach.

Cementum volume increases with age

Cementum is produced throughout life (91, 99) but unlike bone, its volume increases with 

age (18, 36, 42). This is a particularly puzzling phenomenon because bone and cementum 

have often viewed as comparable tissues (6). The obvious question becomes, why does the 

mass of one mineralized tissue (bone) decline with age while the mass of another, very 

similar mineralized tissue (cementum) increase with age?
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The murine cementum was examined to confirm such age-related changes. The root surfaces 

of murine molars were compared, starting before tooth eruption, and continuing into 

advanced age. At postnatal day 21 (P21) the molar teeth have erupted into the oral cavity but 

mastication of hard foods has not yet begun. At this early stage, a thin layer of primary 

(acellular) cementum covers the dentin surface and because the apex is still open, no cellular 

cementum is detectable. When mice are skeletally mature (e.g., 4 months of age), secondary 

(cellular) cementum is visible at the apex (Fig. 2A). In advanced age (e.g., 12 months), the 

accumulation of cellular cementum is dramatic (Fig. 2B). The same accumulation of 

cementum is noted in humans (6, 83), even without masticatory loading (65).

To gain some insights into the underlying molecular mechanisms behind this age-related 

accumulation of cementum immunostaining for proliferating cell nuclear antigen was used 

to label mitotically active cells. In young samples, pentachrome staining identified the 

acellular cementum and cells immediately adjacent to it (Fig. 2C); on an adjacent section, 

very few cells near the acellular cementum were positive for proliferating cell nuclear 

antigen immunostaining (Fig. 2D). In aged mice, the acellular cementum was thicker (Fig. 

2E) but again there were few cells immunopositive for proliferating cell nuclear antigen 

(Fig. 2F).

Maybe cell proliferation is inherently very low adjacent to acellular cementum? To address 

this question proliferating cell nuclear antigen immunostaining was performed on tissue 

sections through the incisors of young and old mice. In these animals maxillary incisors 

grow ~300µm/day and mandibular incisors grow ~400µm/day (101). In both cases exuberant 

proliferating cell nuclear antigen immunostaining was observed (Fig. 2G,H).

Some investigators regard the cementum as a calcified component of the periodontal 

ligament (56), and the next analyses lent credence to this interpretation: In aged animals 

periodontal ligament cells were observed to be trapped in the extracellular matrix of the 

cementum (arrows, Fig. 2I,J). Extensive alkaline phosphatase activity was detectable in the 

space between the alveolar bone and cellular cementum (Fig. 2K); because alkaline 

phosphatase activity is an indicator of active mineralization, its widespread distribution in 

the aged periodontal ligament space strongly suggested that the tissue was in the process of 

being calcified. Adjacent tissue sections showed minimal osteoclast activity bone (Fig. 2L).

Collectively, these observations indicate a robust age-related increase in cellular cementum 

volume. The question is, where are the cells that are responsible for this age-related increase 

in cementum? The only mitotically active cells detected were in the periodontal ligament 

space. Do these periodontal ligament cells differentiate into both osteoblasts and 

cementoblasts? Or is there a separate population of cementoblasts, whose activity- 

remarkably- increases with age? This latter point seems improbable, especially since a 

closely related cell, the osteoblast, shows an age-related decline in function (37, 48). 

Whether there is actually a stem/progenitor cell population responsible for producing 

cementum is, at this juncture, pure speculation. Therefore the next analyses focused on 

another tooth in the murine mouth with a well-documented pool of stem cells that 

continuously produce cementum throughout the life of the animal.
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Continual eruption is attributable to a population of mitotically active stem cells residing at 

the incisor apex (63, 92). Incisors grow continuously and cementum accumulates with age; 

the question was whether this translated into an increase in the size of the murine incisor. 

Micro-computed tomography suggested this was the case (Fig. 2M,N). Frontal (Fig. 2O,Q) 

and sagittal (Fig. 2P,R) micro-computed tomography sections were used to identify 

anatomical landmarks (e.g., the skull base, blue line; the mid-sagittal plane, orange line; and 

the anterior cortex, purple line), which served as references to ensure that the same region of 

the incisor was being evaluated in young and aged mice. These equivalent micro-computed 

tomography sections clearly illustrate a 25% increase in the thickness of the dentin + 

cementum layers in aged versus young mice (compare green and red lines, Fig. 2S,T). 

Dentin apposition continues throughout life but dentin apposition is limited to the pulp 

surface, which explains why there is an age-related decrease in the volume of the pulp cavity 

(Fig. 1A,B, asterisk and see 19).

Thus, cementum accumulates with age on all murine teeth- and on human teeth- and for as-

yet-unknown reasons, is resistant to the osteoclast-mediated resorptive process that causes a 

decline in bone mass. Like its function in bone homeostasis, Wnt signaling plays a role in 

cementum accumulation as shown by the fact that mice carrying a loss-of-Wnt mutation 

have thin acellular cementum and develop spontaneous root resorption (53). These data 

suggest that Wnt signals are required for continued cementum deposition.

What remains to be clarified is the relationship between endogenous Wnt signal and aging. 

If, as the data suggest, aging is associated with a decline in Wnt signaling then why does 

cementum accumulate over time? Obviously there is much work to be done here but a first, 

important step will be to identify the location of cementoblast stem/progenitor cell 

population and demonstrate that it is responsible for the deposition of cellular cementum. 

The following step will be to determine which signaling pathway(s) regulate cementoblast 

behavior, a question that orthodontists and periodontists will most surely be interested in 

having answered.

Age-related changes in the periodontal ligament

The architecture of the periodontal ligament is ideally suited for the transmission of tensile 

load. In other parts of the body, structures like this are referred to entheses; i.e., tissues that 

form at the sites of stress concentration and typically attach mineralized tissues to one 

another (24, 67, 100). An enthesis is characterized as a ligamentous tissue that gradually 

transitions into a calcified tissue. The periodontal ligament has been evaluated as an enthesis 

(32).

In some entheses, the calcified portion becomes enlarged and the fibrous component 

becomes smaller with age (7); this increase in the calcified portion of the enthesis has been 

associated with simultaneous thinning of the bone into which the enthesis is attached (93). 

Because the calcified portion of the enthesis is avascular, the age-related increase in 

calcification is associated with a decrease in the overall strength of the tissue (87). Whether 

the periodontal ligament undergoes similar kinds of age-related changes as do other enthuses 

is unknown. Severson and colleagues first reported that the aged periodontal ligament had a 

Huang et al. Page 6

Periodontol 2000. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lower cellular content and exhibited uneven and irregular Sharpey’s fibers insertions (83). 

These histologic changes have been verified over time (2, 80, 81), and analyses shown here 

demonstrate the reduced collagen content and thinning of the ligamentous portion of the 

periodontal ligament in aged mice (Fig. 3A–D). An increase in the calcified portion of the 

periodontal ligament enthesis was also evident (brackets, Fig. 3E,F). One surprise was that 

cell proliferation was also increased in the aged periodontal ligament space (Fig. 3G,H). 

Some entheses have a intervening fibrocartilage; Safranin O/fast green staining failed to 

identify a proteoglycan-rich cartilage intermediate (Fig. 3I–K). Nonetheless, these data from 

a mouse model are in agreement with age-related changes observed in other entheses in the 

human body.

Wnt signaling is also evident in the periodontal ligament. In previous experiments the use of 

the Axin2LacZ/+ reporter strain of mice allowed mapping of the pattern of Wnt 

responsiveness in the periodontal ligament. Robust Xgal staining identifies Wnt responsive 

periodontal ligament cells around both the molars and incisors (76), but because the LacZ 
gene product, Xgal, has an extended half-life in vivo it was difficult to distinguish whether 

Wnt signaling was actively occurring. The use of an inducible lineage-tracer to identify Wnt 

responsive cells and their progeny avoided this problem: In Axin2CreERT2/+;R26RmTmG/+ 

mice, green fluorescent protein expression is under control of the endogenous Axin2 
promoter, and can only be induced after of tamoxifen delivery. Young and aged mice were 

given tamoxifen for 5 days then sacrificed. Immunostaining for green fluorescent protein 

was performed, which revealed positive staining in the periodontal ligament space of young 

animals (Fig. 3L). By their location these were periodontal ligament cells; other 

immunopositive cells were located close to the cementum surface (arrow, Fig. 3L). These 

data were therefore in agreement with previous results obtained using Axin2LacZ/+ mice (52, 

76).

Aged mice also showed significantly stronger and more widespread green fluorescent 

protein immunostaining (Fig. 3M). Although the periodontal ligament space was narrower, 

there were more immunopositive cells, and the matrix produced by the green fluorescent 

protein-expressing cells was also labeled (Fig. 3M). These preliminary data raise the 

possibility that Wnt signaling is elevated in the aged periodontal ligament, coincident with 

its age-related transition to a more calcified tissue. Precisely why Wnt signaling would be 

elevated in this locale, relative to its decline in adjacent bone, remains to be determined. 

Others and we have speculated that the periodontal ligament space functions as a stem cell 

niche (9, 17, 23, 27, 38). Certainly, cells in the periodontal ligament space are multi-

potential: at least in vitro, these cells can differentiate in osteoblasts that produce bone (50, 

64) and cementoblasts that produce cementum (34, 57, 82). Perhaps this cell fate choice is 

mediated in part by a Wnt signal? This concept is not without precedence: in other niches 

like the marrow cavity, stem cells can differentiate into either osteoblasts or adiopoblasts, 

and the choice is regulated in part by a Wnt signal (13, 48, 66, 78, 90). If this bi-potential 

cell fate relationship holds true then cementogenesis would occur at the expense of 

osteogenesis. Since the source of the putative Wnt signal remains unknown, this theory 

remains purely speculative.
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Concluding remarks

Data presented here aptly demonstrate that aging has a profound impact on putative stem 

cell populations in the periodontium. Aging leads to a general decline in stem cell function, 

which manifests as a loss of alveolar bone volume and atrophy of the periodontal ligament. 

In one tissue, bone, a stem/progenitor population has been identified and shown to be 

responsive to a Wnt signal. Clinical trials are underway that seek to amplify endogenous 

Wnt signaling in aged patients, with an end goal of restoring bone mass back to levels 

appreciated in youth. Wnt signals are also important in maintaining cementum, but whether 

there is a method to safely manipulate this pathway during orthodontic tooth movement to 

curtail root resorption, or during periodontal therapy to stimulate regeneration is not yet 

clear. Because these conditions are not life threatening, such stem cell-based therapies will 

necessarily have to exhibit strong efficacy coupled with minimal risk to become the standard 

of care.
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Fig. 1. Aging profoundly affects alveolar bone mass and density
(A) Coronal micro-computed tomography section through the young mouse mandible at the 

level of the first mandibular molar (M1). The root of the incisor is visible on the lingual 

inferior border of the mandible. (B) Equivalent micro-computed tomography section through 

the aged mouse mandible; orange arrow indicates decreased bone density. Yellow asterisk 

indicates the lack of a pulp cavity in the incisor of the aged animal. (C) Volume rendering of 

a representative mandible from a young mouse; green arrows indicate the height of the 

alveolar bone crest. (D) Equivalent volume rending of a representative mandible from an 

aged mouse; red arrows indicate alveolar bone recession that exposes the root surfaces. The 

occlusal surfaces of the molars show significant wear; dotted lines suggest an approximate 

amount of occlusal wear. (E) Color mapping of alveolar bone thickness in a representative 
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mandible from a young mouse, where the dentition has been digitally removed. (F) 

Equivalent color mapping of a representative mandible from an aged mouse; red arrow 

indicates the very thin alveolar bone. (G) Pentachrome staining of a representative tissue 

section from the mandible of a young mouse; alveolar bone around the mesial root of M1 is 

indicated with a dotted white line. (H) Similar tissue section from the mandible of a 4-

month-old mouse; note that the alveolar bone is already denser and thinner. The mesial root 

also exhibits evidence of cellular cementum. (I) Similar tissue section from the mandible of 

a 12-month-old mouse; note thin alveolar bone, absence of a marrow space, and abundant 

cellular cementum. Abbreviations: B, buccal; Li, lingual; M1, first molar. Scale bars: 50µm.
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Fig. 2. Cementum volume increases with age
(A) Pentachrome staining of a representative tissue section from the maxillary M1 of a 4-

month-old mouse; cellular cementum around the apex is detectable (asterisks). (B) 

Equivalent tissue section from the maxillary M1 of a 12-month-old mouse; note the 

abundant cementum around the entire roots, the decreased volume of the pulp cavity, and the 

abraded crown. (C) High magnification of pentachrome-stained acellular cementum from the 

maxillary M1 of a 4-month-old mouse; the dotted white line showed the smooth interface of 

the periodontal ligament and cementum; a thin blue-green stained acellular cementum layer 

is obvious between the periodontal ligament and dentin. (D) Proliferating cell nuclear 

antigen immunohistochemistry staining shows proliferating cells in the periodontal ligament 

space; dotted white line as in C. (E) High magnification of an equivalent tissue section from 

the maxillary M1 of a 12-month-old mouse; the dotted white line showed the irregular 

periodontal ligament-cementum interface; note the thick acellular cementum layer between 

the periodontal ligament and dentin. (F) proliferating cell nuclear antigen immunostaining 

from the maxillary M1 of a 12-month-old mouse; dotted white line as in E. (G) Robust 

proliferating cell nuclear antigen immunostaining from the middle root of the maxillary 

incisor of a 4-month-old mouse and (H) a 9-month-old mouse. (I) A 9-month-old and (J) a 

12-month-old mouse, showing accumulated cellular cementum; arrows indicate trapped 

periodontal ligament cells in the extracellular matrix of the cellular cementum. (K) Alkaline 

phosphatase staining from apical area of the maxillary M1 of a 12-month-old mouse; note 

strong alkaline phosphatase activity on the alveolar bone surface and cementum surface 
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within the narrow periodontal ligament. (L) TRAP staining from the same apical area of a 

12-month-old mouse; minimum TRAP positive cells exist on the alveolar bone surface. (M) 

Three-dimensional reconstruction from the micro-computed tomography of mandible 

incisors of a 4-month-old mouse; note the labial-lingual diameter of the incisor (green 

arrow). (N) Three-dimensional reconstruction from the micro-computed tomography of the 

mandible incisors of a 24-month-old mouse; note the widened the labial-lingual diameter of 

the incisor (red arrow), and the incisor crown wear. (O) Coronal micro-computed 

tomography section through the young mouse mandible at the level the purple line indicated 

in (P). (P) Sagittal micro-computed tomography section of the young mouse. Purple line 

indicates the level of (O). (Q) Similar coronal micro-computed tomography section through 

the aged mouse mandible at the level the purple line indicated in (R). (R) Sagittal micro-

computed tomography section of the aged mouse. Purple line indicated the level of (Q). (S) 

High magnification of the coronal section of the level as (O) showed; note the thickness of 

the labial-lingual diameter (green arrow). (T) High magnification of the same coronal level; 

note increased thickness of the incisor (red arrow). Abbreviations: ab, alveolar bone; ac, 

acellular cementum; cc, cellular cementum; M1, first molar; PDL, periodontal ligament; 

proliferating cell nuclear antigen, proliferating cell nuclear antigen; ALP, alkaline 

phosphatase; TRAP, tartrate-resistant acid phosphatase. Scale bars: 50µm in the tissue 

sections; 0.5mm in the micro-computed tomography sections.
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Fig. 3. Age-related changes in the periodontal ligament
(A, C) Picrosirius red staining of the apical area, and the middle of the root of the M1 of a 

young mouse, respectively; note collagenous fibrils between the bone and cementum. (B, D) 

Picrosirius red staining of the equivalent apical area and the middle of the root the M1 of the 

aged mouse, respectively; note decreased collagen content and narrowed space of the 

periodontal ligament. The dotted white line indicates the bone-periodontal ligament or the 

periodontal ligament-cementum interfaces. (E) High magnification of pentachrome staining 

of the M1 periodontal ligament of a young mouse. White brackets indicate thinning 

cementum. (F) High magnification of an equivalent section of the M1 periodontal ligament 
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of an aged mouse. White brackets indicate thicker cementum. (G) Proliferating cell nuclear 

antigen immunostaining in the periodontal ligament from the maxillary M1 of a young 

mouse and (F) an aged mouse. (I) Safranin O/fast green staining of the maxillary M1 of a 

young mouse and (J) an aged mouse. (K) Positive control of safranin O/fast green staining of 

the nasal cartilage, where the red coloration results from a proteoglycan-rich matrix. (L) 

Representative green fluorescent protein immunostaining from the M1 of a 4-month-old 

Axin2CreERT2/+;R26RmTmG/+ mouse shows positive cells in the periodontal ligament space; 

white arrows indicate immunopositive cells. (M) Equivalent green fluorescent protein 

immunostaining from the M1 of an 12-month-old Axin2CreERT2/+;R26RmTmG/+ mouse 

showing green fluorescent protein+ve cells and the matrix. (N) Representative DAPI staining 

from the apical area of M1 of the young mouse indicates the cell density of cellular 

cementum, periodontal ligament, and alveolar bone. (O) DAPI staining from the equivalent 

apical area of M1 of the aged mouse indicate that cell density is decreased in the aged 

cementum and increased in the aged periodontal ligament space. Abbreviations: ab, alveolar 

bone; cc, cellular cementum; d, dentin; M1, first molar; PDL, periodontal ligament; PCNA, 

proliferating cell nuclear antigen; GFP, green fluorescent protein; DAPI, 4’,6-diamidino-2-

phenylindole. Scale bars: 50µm.
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