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It is very difficult to find an extended

review about the epithelial cell rests of

Malassez (ERM) in the dental litera-

ture. The ERM are briefly mentioned

in books and their existence is scarcely

remembered by dental practitioners.

These cells are part of the normal

structures within the periodontal liga-

ment and it is believed that they play

an important functional role that needs

further investigation.

The ERM from the periodontal

ligament were first described in 1817 by

Serres as �restes de l�organe de l’email’

(Rests from the enamel organ) (1). This

investigator was also aware of Her-

twig’s root sheath, because he des-

cribed its atrophy and near-

disappearance with age. Subsequent

studies by histologists, confirmed that

epithelial cells underwent atrophy and

were absent in adult periodontal

structures. However, Malassez, in 1885

(2), presented the first description of

the cells and their distribution. He ex-

amined cross sections and longitudinal

sections of adult human teeth, made

composite drawings and found that the

epithelial rests formed a network

around the root. Since then, credit has

been given to Malassez for demon-

strating, definitively, that epithelial

cells persist in the adult periodontal

ligament. Several other authors have

subsequently described the morphol-

ogy and localization of these particular

cells (3–9).

The morphological characteristics of

the ERM have been described (10)

using conventional histologic and light

microscopy methods. The ERM can be

identified easily as small clumps of

epithelial cells within the periodontal

ligament, closely approximated to the

radicular cementum surface. Each cell

has a darkly stained nucleus and a

small, barely distinguishable, periph-

eral rim of cytoplasm. The cells have

a high nuclear : cytoplasm ratio. In

oblique sections of the periodontal

ligament, the cell rests can be seen, not

as isolated groups of cells, but as a

network, similar to a fishnet, surround-

ing the root (2,11–13) (Fig. 1A,B).

The ERM have been implicated in a

number of dental pathologies. Their

vicinity within the periodontal and

peri-apical tissues surrounding the root

leads to their proliferation subsequent

to inflammatory developmental or

neoplastic stimuli. Proliferation of the

ERM has been implicated in develop-

mental cyst formation, such as the

gingival or lateral periodontal cyst.

Inflammatory cysts, such as the para-

dental and peri-apical cysts, also arise
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commonly from the ERM. A number

of odontogenic tumors may also arise

from the ERM. While the contribution

of the ERM to pathological lesions is

important, this review will largely fo-

cus on the role that the ERM play in

normal periodontal ligament function

and their potential role in periodontal

regeneration.

Embryological origins of the
ERM

The formation of the ERM occurs

during the development of the root,

which begins before eruption and lar-

gely coincides with this process.

Amelogenesis has been completed by

this time, so that the unerupted crown

is covered by reduced enamel epithe-

lium.

Root formation is initiated by mi-

totic activity occurring within the cer-

vical loop of the enamel organ. This

elongates in an apical direction, pro-

ducing a double-layered, tube-like

sleeve of epithelial cells, proliferating

along the line of the future dentino–

cemental junction of the root. This

structure is called the root sheath of

Hertwig and is directly responsible for

inducing formation of the dentine. Its

inner surface (inner dental epithelium

of the dental papilla) induces odonto-

blast differentiation in the adjacent

mesenchymal cells, and these cells be-

gin to secrete dentine matrix thereafter

(Fig. 2A).

As soon as the outer layer of dentine

starts to calcify, the adjacent epithelial

cells of the root sheath (outer dental

epithelium) separate from its surface,

and holes appear in the continuity of

this previously continuous sleeve. The

result is to produce strands of epithelial

cells, which are referred to as ERM

(Fig. 2B). Coincident with the fenes-

tration of the epithelial root sheath,

mesenchymal cells from the dental

follicle move through the newly formed

openings and attach to the outer sur-

face of the newly forming dentine. The

cells align themselves on this surface,

differentiate into cementoblasts and

commence the formation of cementum

(14). Collagen fibre bundles are also

laid down through the fenestrations

and become incorporated into the

developing cementum. Attachment of

these fibres to the alveolar bone con-

stitutes the functional attachment that

provides support to the tooth. After

tooth formation is completed, the re-

mains of the enamel organ and the root

sheath are represented by the reduced

enamel epithelium and the ERM,

respectively (15–17). Some authors

have suggested that continuity exists

between the ERM, the reduced enamel

epithelium and subsequently the junc-

tional epithelium of the gingival sulcus

(18,19).

Ultrastructure of the ERM

Transmission electron microscopy

(TEM) has been used to identify the

ERM. Several studies have demon-

strated the presence of tonofilaments

and desmosomes. These ultrastructural

characteristics differentiate the epithe-

lial nature of these cells from fibro-

blasts and cementoblasts of the

periodontium.

Early studies demonstrated that a

basal lamina separated the ERM cell

islands from the connective tissue

(20,21). Hemidesmosomes and tight

junctions are routinely observed be-

tween the cells. A large number of fine

filaments (tonofilaments) are found

within the cytoplasm (Fig. 3). These

are bound together into bundles called

tonofibrils. These do not appear to be

in direct contact with the cementum.

The average distance from the cemen-

tum to the epithelial cells was meas-

ured in three regions – apical 21

microns, middle radicular 33 microns,

and cervical 41 microns – indicating a

coronal migration away from the root

surface. Further studies of human

ERM (22) reported characteristic fea-

tures of these epithelial cells, such as

irregular nucleus with dense hetero-

chromatin, cytoplasm containing ton-

ofilaments, and abundant

mitochondria, but a poorly developed

rough endoplasmic reticulum.

Several studies have described the

same structures in cultured porcine

ERM cells (23–26). The ultrastructure

of ERM from rat periodontal ligament

sections resembles that of humans and

other animals (27–29). Other studies

have localized and studied the ERM

around mouse molars (30,31). Again,

the epithelial nature of these cells was

A B

Fig. 1. (A) Histological appearance of a well-formed network of epithelial cell rests of

Malassez. Areas of degenerative disruption to this network can be seen in the lower left-hand

portion of the figure. Magnification: 250·. Reproduced with permission from Simpson HE.

The degeneration of the rests of Malassez with age as observed by the Apoxestic Technique.

Journal of Periodontology 1965; 36: 28–31 (12). (B) Schematic representation of the mesh-like

distribution of epithelial cell rests of Malassez around a root tooth. Adapted from Andreasen

JO, Andreasen FM. Essentials of traumatic injuries to the teeth. Copenhagen: Munskgaard,

1990, 77 (95).

246 Rincon et al.



confirmed by the presence of tonofila-

ments, desmosomes and a basal lamina,

with hemidesmosomes surrounding the

cell rests. The ultrastructure of bovine

ERM (32) is similar with regard to the

presence of desmosomes and tonofila-

ments. One electron microscopy study

has also demonstrated close apposition

betweenRuffini-like, free nerve endings,

and the basal lamina of the epithelial cell

rests (33). Epithelial cell clusters from

periodontal ligament ERM have been

demonstrated by TEM in areas of

orthodontic repair (34). Recently,

immunogold labelling and TEM has

been used to co-localize the ERM cyto-

keratins within the tonofilaments (35).

Protein expression of the ERM

Several studies have investigated the

expression of different types of proteins

by the ERM. These proteins can be

broadly classified into a number of

groups, such as cytokeratins and neu-

ropeptides, as well as extracellular

matrix and cell-surface proteins inclu-

ding a variety of growth factors,

cytokines and extracellular matrix-

degrading proteinases.

Cytokeratins

Cytokeratins have been described in

the ERM from different sources, such

as human peri-apical lesions (36), hu-

man sinus tracts (37), rabbit perio-

dontal ligament (35), monkey and

human periodontal ligaments (38), rat

periodontal ligament (39) and bovine

periodontal ligament (32) (Table 1).

Immunohistochemistry has been

used to demonstrate the expression of

various epithelial proteins by the

ERM. The expression of keratins 5 and

19 has been shown in normal human

periodontal ligament and peri-apical

lesions (36). The expression of a wide

range of keratins (cytokeratins 5, 7, 8,

14, 15, 17, 18 and 19), some desmo-

somal cadherins (Dsg2 and DSC 2),

and a cytoplasmatic desmosome-asso-

ciated protein (plakophilin I) has also

been demonstrated using immunohist-

ochemical techniques on sections con-

taining ERM from in rabbit and

human sources (35). More recently,

cytokeratin expression by ERM in

human and monkey periodontal liga-

ments has also been described (40). In

this study, cytokeratins 1, 5, 10 and 14

(34BE12 antibody), cytokeratins 1, 2,

5, 6, 7, 8, 10, 11, 16 and 19 (KL1

antibody), cytokeratin 16 (LL025

antibody), cytokeratin 18 (DC 10

antibody) and cytokeratin 19 (A 53-B/

A2 antibody), were specifically identi-

fied. Bovine ERM have also been

shown to express a variety of cyto-

keratins, including cytokeratins 1, 5, 6,

8, 13 17 and probably 19 (32). No

cytokeratins 1, 4, 10, 11 and 18 were

demonstrated in this study. Acidic

BA

Fig. 2. (A) Histological appearance of Hertwig’s epithelial root sheath (HERS) and subse-

quent formation of epithelial cell rests of Malassez in a 10-d postnatal mouse molar stained

with AZAN. A bilayer of HERS is distinguishable at the apex but has lost its continuity at

the level of the ameloblast layer. Mesenchymal cells and fibrous structures occupy the

developing root surface, which is no longer covered by HERS. Isolated epithelial cells were

localized within the mesenchymal tissues. Magnification 600·. (B) Labelling of epithelial cells
during initial cementogenesis using an anti-keratin immunoglobulin in a 20-d postnatal

mouse molar root. Magnification 720·. amel, ameloblasts; cem, cementum; de, dentine; en,

enamel; ep, epithelial cells; epd, cells of epithelial diaphragm; fib, fibrous elements; hers,

Hertwig’s epithelial cell sheath; mes, mesenchymal cells; od, odontoblasts; pd, predentine.

Reproduced with permission from Diekwisch TG. The developmental biology of cementum.

Int J Dev Biol. 2001; 45:695–706

Fig. 3. Transmission electron microscopy

of cultured porcine epithelial cell rests of

Malassez. A desmosome (D) joins the two

epithelial cells across the intercellular space

(ICS). Mitochondrion (Mi) bulge into the

intercellular space. Tonofilaments (T) can

also be seen. Bar, 500 nm.

Epithelial cell rests of Malassez in periodontal regeneration 247



cytokeratins expressed by the ERM

can be identified using the AE-1 anti-

body (41). Other studies have used the

AE1/AE3 pan cytokeratin antibody

for immunohistochemical identifica-

tion of ERM cytokeratin expression in

a variety of species (Fig. 4) (42,43).

These observations and findings con-

firm the epithelial phenotype of those

cells.

Neuropeptides

A number of neuropeptides, including

calcitonin gene-related peptide (CGRP)

(44,45), substance P (SP), vasoactive

intestinal peptide (VIP) (45,46), tyro-

sine receptor kinase A (TrkA) – a high-

affinity receptor of nerve growth factor

(47,48) – and parathyroid hormone-

related protein (PTHrP) (49) may be

expressed by the ERM.

Extracellular matrix and cell-surface
proteins

A number of extracellular matrix pro-

teins, growth factors and cytokines are

also expressed by the ERM. While it

has been recognized for some time that

Hertwig’s epithelial root sheath

expresses both amelogenin and

enamelin (50), more recent in situ

hybridization studies have demonstra-

ted that the ERM express both of these

proteins with some regional differences

(39). Other matrix macromolecules

expressed by the ERM include glycos-

aminoglycans, hyaluronic acid, der-

matan sulphate, chondroitin sulphate

and type IV collagen fibronectin, lam-

inin and laminin-5 (28,51–53). Inter-

estingly, these cells also synthesize

several proteins more commonly asso-

ciated with mesenchymal tissues rather

than epithelial tissues, such as osteo-

pontin, bone sialoprotein and osteo-

protegerin (42,54–57).

Other proteins expressed by theERM

include cell-surface molecules, such as

calbindin D28 (which are vitamin D-

dependent calcium-binding proteins)

and epidermal growth factor receptor,

growth factors such as epidermal

growth factor and bone morphogenetic

proteins 2 and 4, various cytokines,

including interleukin-1a, interleukin-6,
interleukin-8 and granulocyte–macr-

ophage colony-stimulating factor

(GM-CSF), b defensin (BD-1) and

prostaglandins E and F (58–64).

The ERM also have a demonstrated

ability to degrade collagen, both

intracellularly and extracellularly,

by secretion of collagenase, gelatin-

ases and human tissue inhibitor

Table 1. Expression of cytokeratins by epithelial cell rests of Malassez (ERM) with different

antibodies

Cytokeratin

specificity Antibody

Species and

publication Test

ERM

reaction

5 RCK 102 Human Immunohistochemistry +++

19 LP2K (36) +++

1, 5, 10, 14 34,E12 +++

1,2,5,6,7,8,10,11,16,19 KL1 Monkey +++

16 LL025 and Immunohistochemistry ++

18 DC 10 human ++

19 A53-B/A2 (40) ++

5, 6, 8, 17, 19 MNF-16 +++

1, 5, 6, 8 PCK-26 Bovine Immunohistochemistry +++

13 KS-1AB (32) +++

Acidic cytokeratins AE-1 Porcine (41) Immunofluorescence +++

5 Lu-5 +++

5 AE 14 +++

7 RCK-105 +++

7 Ks 7.18 +++

8 Ks 8.42 Rabbit +++

8 Ks 8–17.2 and +++

8 M20 human Immunofluorescence +++

14 CKB 1 (35) +++

15 Krit 15 +++

17 E3 +++

18 KS 18.27 ++

18 Ks 18.174 ++

18 C 04 ++

18 GP9 ++

19 BA 16 +++

19 Ks 19.2 +++

+++, strong immunoreaction; ++, weak immunoreaction.

BA

Fig. 4. (A) Epithelial cell rests of Malassez (ERM) immunostained with AE1/AE3 antibody

in a section of human periodontal ligament (PDL). The ERM are closely located to the

cementum (C). The alveolar bone (B) can also be seeen. Bar, 100 lm. (B) Immunostaining

for cytokeratins of cultured porcine epithelial cell rests of Malassez using AE1/AE3 anti-

body. Cytoplasmic limits are very well defined despite the absence of stained cell membranes.

The patterns of tonofilaments stain brown in the cytoplasm and around the nuclei. Bar,

100 lm.
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metalloproteinases (TIMP) (24,65,66).

The same research group has demon-

strated that some pathogen-virulence

factors enhance epithelial tissue (inclu-

ding ERM) secretion of collagenases

through the induction of matrix metal-

loproteinases (MMPs) (67) (Table 2).

This group has also shown that ERM

production of MMPs is inhibited by

tetracyclines (68). Chymotrypsin-like

enzymes comprise a large family of

serine proteases that degrade peptide

bonds. This enzyme has also been also

purified from cultured ERM (69).

ERM and periodontal
regeneration

A major goal of periodontal therapy is

restoration of the damaged tissues to

their original form and function and

requires regeneration of the destroyed

periodontal connective tissues through

the formation of new cementum, new

bone and attachment of new connect-

ive tissue fibers (70–74). In general,

regeneration of the periodontium

involves collaboration and interaction

of several cell types, including gingival

connective tissue fibroblasts (GF),

periodontal ligament fibroblasts

(PDLF), cementoblasts and osteo-

blasts, endothelial cells and macroph-

ages (75). An often-overlooked cellular

element within the periodontal liga-

ment is the ERM. To date, there is no

certainty about the functional role of

the ERM, despite the fact that they

surround the dental root and are

located in close proximity to radicular

cementum and blood vessels. Within

this framework it is noteworthy that

the ERM can express a number of

bone/cementum-related proteins which

could implicate them in a regenerative

role (Fig. 5).

Data from in situ hybridization

analysis indicate that the adhesion

molecules osteopontin (OPN) and

bone sialoprotein (BSP) are expressed

by cementoblasts along the root sur-

face during the early stages of tooth

root development also on mature fully

erupted tooth root surfaces. In con-

trast, cells expressing collagen, prote-

oglycans and a number of other

extracellular matrix macromolecules

are noted throughout the surrounding

Table 2. Mammalian matrix metalloproteinases (MMP) expressed by epithelial cell rests of

Malassez (ERM)

Protease MMP number ERM

Collagenases

Collagenase-1 MMP-1 –

Collagenase-2 MMP-8 –

Collagenase-3 MMP-13 + (66)

Collagenase-4 MMP-18 –

Gelatinases

Gelatinase A MMP-2 + (67)

Gelatinase B MMP-9 + (67)

Membrane-anchored MMPs

MT1-MPP MMP-14 –

MT2-MPP MMP-15 –

MT3-MPP MMP-16 –

MT4-MPP MMP-17 –

MT5-MPP MMP-24 –

MT6-MPP MMP-25 –

Stromelysins

Stromelysin-1 MMP-3 + (67)

Stromelysin-2 MMP-10 –

Stromelysin-3 MMP-11 –

Matrilysins

Matrilysin MMP-7 –

Matrilysin-2/Endometase MMP-26 –

Other MMPs

Metalloelastase MMP-12 –

RASI, Stromelysin-4 MMP-19 –

Enamelysin MMP-20 –

XMMP MMP-21 –

(chicken) MMP-22 –

(human homologue) MMP-27 –

CA-MMP MMP-23 A,B –

Epilysin MMP-28 –

+, Reported expression of MMP.

Maintenance of PDL space 
(synthesis of hyaluronate, 
proteoglycans and type IV 
collagen)

Epithelial cell 
rest of Malassez

Osteopontin synthesis 
acting as an aid for 
cementum repair, and 
mineralised tissue 
formation on root surface 

Bone sialoprotein 
synthesis acting as an 
adhesion molecule and 
initiator of
mineralization on the root 
surface

Absence of these cells in
regenerated tissues may account
for some lack of predictable 
functional outcomes

Fig. 5. Putative functions of the epithelial cell rests of Malassez in periodontal regeneration.
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soft and hard connective tissues (76–

79).

The concept that the ERM may be

associated with cementoblast develop-

ment is also emerging. Observations

that a large number of epithelial cells,

showing well-developed rough endo-

plasmic reticulum and Golgi appar-

atus, but lacking intracellular labelling

for enamel matrix proteins, supports

the idea that the presence of secretory

granules in Hertwig’s epithelial root

sheath may not solely be for producing

enamel matrix proteins (80). Hertwig’s

epithelial root sheath cells may have

the ability to produce other proteins,

such as cementum matrix constituents

(81,82). Whether the ERM descendents

of these cells retain similar functions

remains to be fully established.

Both BSP and OPN are expressed by

cells linked to the formation of miner-

alized tissues, such as bone and cemen-

tum, while OPN also is expressed by

cells within the newly forming perio-

dontal ligament (83). BSP is localized in

cementum and bone,meanwhile OPN is

strongly distributed in the periodontal

ligament as well as in cementum and

bone (84). OPNmay also be involved in

cementum repair (55). Recent studies

have demonstrated a strong expression

of OPN by the ERM, suggesting a

potential function for these cells in

mineralized tissue formation along

tooth root surfaces during both devel-

opment and, possibly, regeneration (42,

54–57).

OPN has been linked to the regula-

tion of ectopic crystal formation,

where evidence supports a role for

OPN in controlling the extent of

hydroxyapatite crystal nucleation and/

or growth (85,86). Moreover, OPN has

been reported to inhibit apoptotic

events, such as those associated with

inflammation, and this ability may

have some significance in the regula-

tion of cells at sites during develop-

ment of cementum and also during

wound healing (87,88). Suggested roles

for BSP include acting as an adhesion

molecule to maintain applicable cells at

the root surface, and as an initiator of

mineral formation along the root sur-

face (89). The temporal and spatial

expression of BSP during cemento-

genesis and bone formation is consis-

tent with a role for this molecule in

promoting mineral formation. Thus,

while both BSP and OPN may have a

role in recruiting and maintaining

selective cells at the root surface, an

equally important role may be related

to the control of mineralization along

the root surface (90).

One function of the ERM may be in

the maintenance of the periodontal

ligament space (91). This was proposed

after experimental replantation of teeth

and the observation that the ERM

were always found in vital periodontal

ligament areas of replanted teeth.

Additional evidence, that maintenance

of ligament space by the ERM may

play a role in periodontal regeneration,

has come from observations that an

absence of these cells in regenerated

periodontal ligament is associated with

a narrowing of the periodontal liga-

ment (92,93). However, two recent

studies have reported an absence of

ERM in the periodontal ligament of

monkeys and humans after periodontal

regenerative procedures (38,40). It was

suggested that the ERM may not be

able to regrow after periodontal

regeneration. Given that these cells can

be successfully isolated and cultured,

such a conclusion may be unwarranted

and it may be that the local environ-

ment of the repairing periodontium

may not be conducive to ERM migra-

tion and proliferation. Furthermore,

because of the important strategic

position of these cells in healthy perio-

dontal ligament, together with their

ability to secrete matrix molecules

conducive to cementum formation, it is

our hypothesis that these cells will be

crucial for successful and predictable

periodontal regeneration. Indeed, the

concept of periodontal regeneration is

based on the goal of regeneration of

the supporting tissues lost as a conse-

quence of inflammatory periodontal

disease (94). Therefore, ERM should

be present after periodontal regenerat-

ive procedures as part of the recon-

structed structural and functional

elements of the periodontal ligament.

Conclusion

In conclusion, because the ERM play

an important role within the perio-

dontal apparatus of the normal perio-

dontium, their presence after, and

possibly during, periodontal regener-

ative therapies would be expected to be

essential. Further studies are needed

from a biomolecular basis and cell

biological approach to explain the

basic role of these cells within the

regenerating periodontal ligament.
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dentition. Mequignon-Marvis, Paris.

1817;28.

2. Malassez L. Sur l’existence damas epithe-

liaux autour de la racine des dents chez

l’homme adulte et a l’etat normal (debris

epitheliaux paradentaires). Arch Physiol

1885;5:129–148.

3. Mummary JH. Studies and Dental His-

tology II. The Sheath of Hertwig and the

Epithelial Debris. Dental Cosmos

1921;63:1207–1215.

4. Noyes FB, Thomas NG. Dental Histology

and Embriology. Philadelphia: Lea &

Febiger, 1921.

5. Orban B. Ist das �Paradentium� eine �or-
ganische Einheit�.Stomat 1926;24:515–525.

6. Orban B. The epithelial network in the

periodontal membrane. J Am Dent Assoc

1952;44:632–625.

7. Reeve C, Wentz F. Epithelial rests in the

periodontal ligament. Oral Surg Oral Med

Oral Pathol 1962;15:785–793.

8. Reitan K. Behaviour of Malassez epithe-

lial rests during orthodontic tooth move-

ment. Acta Odontol Scand 1961;19:443–

468.

9. Wentz FM, Weinmann JP, Schour I. The

prevalence, distribution and morphologic

changes of the epithelial remnants in the

molar region of the rat. J Dent Res

1950;29:3–12.

10. Ten Cate AR. The epithelial cell rests of

Malassez and the genesis of the dental

cyst. Oral Surg Oral Med Oral Pathol

1972;34:956–964.

11. Black GV. The fibers and glands of the

peridental membrane. Dental Cosmos

1899;41:101–122.

12. Simpson HE. The degeneration of the

rests of Malassez with age as observed by

the Apoxestic Technique. J Periodontol

1965;36:28–31.

13. Spouge JD. The rests of Malassez and

chronic marginal periodontitis. J Clin

Periodontol 1984;11:340–347.

14. Diekwisch TG. The developmental bio-

logy of cementum. Int J Dev Biol

2001;45:695–706.

15. Spouge JD. A new look at the rests of

Malassez. A review of their embryological

250 Rincon et al.



origin, anatomy, and possible role in per-

iodontal health and disease. J Periodontol

1980;51:437–444.

16. Spouge JD. Rests of Malassez and chronic

marginal periodontal disease. J Can Dent

Assoc 1980;46:712–716.

17. Thurley DC. Development, growth and

eruption of permanent incisor teeth in

Romney sheep. Res Vet Sci 1985;39:127–

138.

18. Grant DB, Bernic S. A possible continuity

between epithelial rests and epithelial

attachment in miniature swine. J Perio-

dont 1969;40:23–31.

19. Spouge JD. A study of epithelial odonto-

genic residues in the pig. J Periodontol

1986;57:164–171.

20. Valderhaug J, Zander HA. Relationship

of �epithelial rests of Malassez� to other

periodontal structures. Periodontics

1967;5:254–258.

21. Valderhaug JP, Nylen MU. Function of

epithelial rests as suggested by their

ultrastructure. J Periodont Res 1966;1:69–

78.

22. Hamamoto Y, Nakajima T, Ozawa H.

Ultrastructure of epithelial rests of Mal-

assez in human periodontal ligament. Arch

Oral Biol 1989;34:179–185.

23. Birek C, Aubin JE, Bhargava U, Brunette

DM, Melcher AH. Dome formation by

oral epithelia in vitro. In Vitro

1982;18:382–392.

24. Birek P, Wang HM, Brunette DM, Mel-

cher AH. Epithelial rests of Malassez in

vitro. Phagocytosis of collagen and the

possible role of their lysosomal enzymes in

collagen degradation. Lab Invest

1980;43:61–72.

25. Brunette DM. Mechanical stretching

increases the number of epithelial cells

synthesizing DNA in culture. J Cell Sci

1984;69:35–45.

26. Kanoza RJ, Brunette DM, Purdon AD,

Sodek J. Isolation and identification of

epithelial-like cells in culture by a collag-

enase-separation technique. In Vitro

1978;14:746–753.

27. Hamamoto Y, Nakajima T, Ozawa H.

Ultrastructural and histochemical study

on the morphogenesis of epithelial rests of

Malassez. Arch Histol Cytol 1989;52:61–

70.

28. Hamamoto Y, Suzuki I, Nakajima T,

Ozawa H. Immunocytochemical localiza-

tion of laminin in the epithelial rests of

Malassez of immature rat molars. Arch

Oral Biol 1991;36:623–626.

29. Yamasaki A, Pinero GJ. An ultrastruc-

tural study of human epithelial rests of

Malassez maintained in a differentiated

state in vitro. Arch Oral Biol 1989;34:443–

451.

30. Beertsen W, Everts V. Autodesmosomes

in epithelial cells of rests of Malassez in

the incisor and molar periodontal liga-

ment of the mouse. Arch Oral Biol

1979;24:239–241.

31. Wesselink PR, Beertsen W. The preval-

ence and distribution of rests of Malassez

in the mouse molar and their possible role

in repair and maintenance of the perio-

dontal ligament. Arch Oral Biol

1993;38:399–403.

32. Berkovitz BK, Whatling R, Barrett AW,

Omar SS. The structure of bovine perio-

dontal ligament with special reference to

the epithelial cell rests. J Periodontol

1997;68:905–913.

33. Lambrichts I, Creemers J, Van Steenberghe

D. Periodontal neural endings intimately

relate to epithelial rests of Malassez in hu-

mans. A light and electron microscope

study. J Anat 1993;182:153–162.

34. Brice GL, Sampson WJ, Sims MR. An

ultrastructural evaluation of the rela-

tionship between epithelial rests of Mal-

assez and orthodontic root resorption

and repair in man. Aust Orthod J

1991;12:90–94.

35. Peters BH, Peters JM, Kuhn C, Zoller J,

Franke WW. Maintenance of cell-type-

specific cytoskeletal character in epithelial

cells out of epithelial context. cytokeratins

and other cytoskeletal proteins in the rests

of Malassez of the periodontal ligament.

Differentiation 1995;59:113–126.

36. Gao Z, Mackenzie IC, Williams DM,

Cruchley AT, Leigh I, Lane EB. Patterns

of keratin-expression in rests of Malassez

and periapical lesions. J Oral Pathol

1988;17:178–185.

37. Gao Z, Mackenzie IC, Pan S, Shi J. Epi-

thelial lining of sinus tracts associated

with periapical disease: an immunocyto-

chemical study using monoclonal anti-

bodies to keratins. J Oral Pathol Med

1991;20:228–233.

38. Sculean A, Lioubavina N, Theilade J,

Karring T. Absence of Malassez epithelial

rests in the regenerated periodontal liga-

ment. A pilot study in the monkey.

J Periodont Res 1998;33:310–314.

39. Fong CD, Hammarstrom L. Expression

of amelin and amelogenin in epithelial

root sheath remnants of fully formed rat

molars. Oral Surg Oral Med Oral Pathol

Oral Radiol Endod 2000;90:218–223.

40. Sculean A, Berakdar M, Pahl S et al.

Patterns of cytokeratin expression in

monkey and human periodontium fol-

lowing regenerative and conventional

periodontal surgery. J Periodont Res

2001;36:260–268.

41. Uitto VJ, Larjava H, Peltonen J, Brunette

DM. Expression of fibronectin and inte-

grins in cultured periodontal ligament epi-

thelial cells. J Dent Res 1992;71:1203–1211.

42. Rincon JC, Xiao Y, Young WG, Bartold

PM. Production of osteopontin by cul-

tured porcine epithelial cell rests of Mal-

assez. J Periodont Res 2005;40:417–426.

43. Kat PS, Sampson WJ, Wilson DF, Wieb-

kin OW. Distribution of the epithelial

rests of Malassez and their relationship to

blood vessels of the periodontal ligament

during rat tooth development. Aust

Orthod J 2003;19:77–86.

44. Heyeraas KJ, Kvinnsland I, Byers MR,

Jacobsen EB. Nerve fibers immunoreac-

tive to protein gene product 9.5, calcitonin

gene-related peptide, substance P, and

neuropeptide Y in the dental pulp, perio-

dontal ligament, and gingiva in cats. Acta

Odontol Scand 1993;51:207–221.

45. Kvinnsland IH, Tadokoro O, Heyeraas

KJ, Kozawa Y, Vandevska-Radunovic V.

Neuroendocrine cells in Malassez epithe-

lium and gingiva of the cat. Acta Odontol

Scand 2000;58:107–112.

46. Tadokoro O, Maeda T, Heyeraas KJ,

Vandevska-Radunovic V, Kozawa Y,

Hals Kvinnsland I. Merkel-like cells in

Malassez epithelium in the periodontal

ligament of cats: an immunohistochemi-

cal, confocal-laser scanning and immuno

electron-microscopic investigation. J Per-

iodont Res 2002;37:456–463.

47. Woodnutt DA, Byers MR. Morphological

variation in the tyrosine receptor kinase

A- immunoreactive periodontal ligament

epithelium of developing and mature rats.

Arch Oral Biol 2001;46:163–171.

48. Yamashiro T, Fujiyama K, Fukunaga T,

Wang Y, Takano-Yamamoto T. Epithe-

lial rests of Malassez express immunore-

activity of TrkA and its distribution is

regulated by sensory nerve innervation.

J Histochem Cytochem 2000;48:979–984.

49. Beck F, Tucci J, Russell A, Senior PV,

Ferguson MW. The expression of the gene

coding for parathyroid hormone-related

protein (PTHrP) during tooth develop-

ment in the rat. Cell Tissue Res

1995;280:283–290.

50. Hamamoto Y, Nakajima T, Ozawa H,

Uchida T. Production of amelogenin by

enamel epithelium of Hertwig’s root

sheath. Oral Surg Oral Med Oral Pathol

Oral Radiol Endod 1996;81:703–709.

51. Yoshiba N, Yoshiba K, Aberdam D et al.

Expression and localization of laminin-5

subunits in the mouse incisor. Cell Tissue

Res 1988;292:143–149.

52. Merrilees MJ, Sodek J, Aubin JE. Effects

of cells of epithelial rests of Malassez and

endothelial cells on synthesis of glycos-

aminoglycans by periodontal ligament

fibroblasts in vitro. Dev Biol 1983;97:146–

153.

53. Abiko Y, Saitoh M, Inoue T, Shimono M,

Kaku T. Laminin localization and gela-

tinolytic activity of epithelial rest of Mal-

assez grown on titanium. Bull Tokyo Dent

Coll 1994;35:55–59.

54. Mouri Y, Shiba H, Mizuno N, Noguchi T,

Ogawa T, Kurihara H. Differential gene

expression of bone-related proteins in

Epithelial cell rests of Malassez in periodontal regeneration 251



epithelial and fibroblastic cells derived

from human periodontal ligament. Cell

Biol Int 2003;27:519–524.

55. Hasegawa N, Kawaguchi H, Ogawa T,

Uchida T, Kurihara H. Immunohisto-

chemical characteristics of epithelial cell

rests of Malassez during cementum repair.

J Periodont Res 2003;38:51–56.

56. Rincon JC, Xiao Y, Young WG, Bartold

PM. Enhanced proliferation, attachment

and osteopontin expression of porcine

periodontal cells with Emdogain. Arch

Oral Biol 2005;50:1047–1054.

57. Mizuno N, Shiba H, Mouri Y et al.

Characterization of epithelial cells derived

from periodontal ligament by gene

expression patterns of bone related and

enamel proteins. Cell Biol Int

2005;29:111–117.

58. Brunette DM, Heersche JN, Purdon AD,

Sodek J, Moe HK, Assuras JN. In-vitro

cultural parameters and protein and

prostaglandin secretion of epithelial cells

derived from porcine rests of Malassez.

Arch Oral Biol 1979;24:199–203.

59. Liu F, Abiko Y, Nishimura M, Kusano K,

Shi S, Kaku T. Expression of inflamma-

tory cytokines and beta-defensin 1

mRNAs in porcine epithelial rests of

Malassez in vitro. Med Electron Microsc

2001;34:174–178.

60. Onishi T, Ooshima T, Sobue S et al. Im-

munohistochemical localization of calbin-

din D28k during root formation of rat

molar teeth. Cell Tissue Res 1999;297:503–

512.

61. Guajardo G, Okamoto Y, Gogen H et al.

Immunohistochemical localization of epi-

dermal growth factor in cat paradental tis-

sues during tooth movement. Am J Orthod

Dentofacial Orthop 2000;118:210–219.

62. Lin LM, Wang SL, Wu-Wang C, Chang

KM, Leung C. Detection of epidermal

growth factor receptor in inflammatory

periapical lesions. Int Endod J

1996;29:179–184.

63. Nordlund L, Hormia M, Saxen L, Thes-

leff I. Immunohistochemical localization

of epidermal growth factor receptors in

human gingival epithelia. J Periodont Res

1991;26:333–338.

64. Thesleff I. Epithelial cell rests of Malassez

bind epidermal growth factor intensely.

J Periodont Res 1987;22:419–421.

65. Salonen J, Uitto VJ, Pan YM, Oda D.

Proliferating oral epithelial cells in culture

are capable of both extracellular and

intracellular degradation of interstitial

collagen. Matrix 1991;11:43–55.

66. Uitto VJ, Airola K, Vaalamo M et al.

Collagenase-3 (matrix metalloproteinase-

13) expression is induced in oral mucosal

epithelium during chronic inflammation.

Am J Pathol 1998;152:1489–1499.

67. Firth JD, Putnins EE, Larjava H, Uitto

VJ. Bacterial phospholipase C upregulates

matrix metalloproteinase expression by

cultured epithelial cells. Infect Immun

1997;65:4931–4936.

68. Nip LH, Uitto VJ, Golub LM. Inhibition

of epithelial cell matrix metalloproteinases

by tetracyclines. J Periodont Res

1993;28:379–385.

69. Firth JD, Sue ES, Putnins EE, Oda D,

Uitto VJ. Chymotrypsin-like enzyme

secretion is stimulated in cultured epithe-

lial cells during proliferation and in

response to Actinobacillus actinomycetem-

comitans. J Periodont Res 1996;31:345–

354.

70. Cochran DL, Wozney JM. Biological

mediators for periodontal regeneration.

Periodontol 2000 1999;19:40–58.

71. Egelberg J. Regeneration and repair of

periodontal tissues. J Periodont Res

1987;22:233–242.

72. Melcher AH. On the repair potential of

periodontal tissues. J Periodontol

1976;47:256–260.

73. Meyer JR. The regenerative potential of

the periodontal ligament. J Prosthet Dent

1986;55:260–265.

74. Pitaru S, McCulloch CA, Narayanan SA.

Cellular origins and differentiation control

mechanisms during periodontal develop-

ment and wound healing. J Periodont Res

1994;29:81–94.

75. Bartold PM, Narayanan AS. Biology of

Periodontal Connective Tissues. Chicago:

Quintessence Publishing, 1998.

76. MacNeil RL, Berry JE, Strayhorn CL,

Shigeyama Y, Somerman MJ. Expression

of type I and XII collagen during devel-

opment of the periodontal ligament in the

mouse. Arch Oral Biol 1998;43:779–787.

77. Macneil RL, Sheng N, Strayhorn C,

Fisher LW, Somerman MJ. Bone sialo-

protein is localized to the root surface

during cementogenesis. J Bone Miner Res

1994;9:1597–1606.

78. MacNeil RL, Berry J, D’Errico J, Stray-

horn C, Piotrowski B, Somerman MJ.

Role of two mineral-associated adhesion

molecules, osteopontin and bone sialo-

protein, during cementogenesis. Connect

Tissue Res 1995;33:1–7.

79. McKee MD, Nanci A. Osteopontin at

mineralized tissue interfaces in bone,

teeth, and osseointegrated implants:

ultrastructural distribution and implica-

tions for mineralized tissue formation,

turnover, and repair. Microsc Res Tech

1996;33:141–164.

80. Bosshardt DD, Nanci A. Hertwig’s epi-

thelial root sheath, enamel matrix pro-

teins, and initiation of cementogenesis in

porcine teeth. J Clin Periodontol

2004;31:184–192.

81. Bosshardt DD, Selvig KA. Dental

cementum: the dynamic tissue covering of

the root. Periodontol 2000 1997;13:

41–75.

82. Bosshardt DD, Zalzal S, McKee MD,

Nanci A. Developmental appearance and

distribution of bone sialoprotein and

osteopontin in human and rat cementum.

Anat Rec 1998;250:13–33.

83. Lekic P, Sodek J, McCulloch CA. Osteo-

pontin and bone sialoprotein expression in

regenerating rat periodontal ligament and

alveolar bone. Anat Rec 1996;244:50–58.

84. Ivanovski S, Li H, Haase HR, Bartold

PM. Expression of bone associated mac-

romolecules by gingival and periodontal

ligament fibroblasts. J Periodont Res

2001;36:131–141.

85. Giachelli CM, Liaw L, Murry CE,

Schwartz SM, Almeida M. Osteopontin

expression in cardiovascular diseases. Ann

N Y Acad Sci 1995;760:109–126.

86. Hunter GK, Goldberg HA. Modulation

of crystal formation by bone phospho-

proteins: role of glutamic acid-rich

sequences in the nucleation of hydroxy-

apatite by bone sialoprotein. Biochem J

1994;302:175–179.

87. Denhardt DT, Lopez CA, Rollo EE,

Hwang SM, An XR, Walther SE. Osteo-

pontin-induced modifications of cellular

functions. Ann N Y Acad Sci

1995;760:127–142.

88. Feng B, Rollo EE, Denhardt DT. Osteo-

pontin (OPN) may facilitate metastasis by

protecting cells from macrophage NO-

mediated cytotoxicity: evidence from cell

lines down-regulated for OPN expression

by a targeted ribozyme. Clin Exp Meta-

stasis 1995;13:453–462.

89. Hunter GK, Kyle CL, Goldberg HA.

Modulation of crystal formation by bone

phosphoproteins: structural specificity of

the osteopontin-mediated inhibition of

hydroxyapatite formation. Biochem J

1994;300:723–728.

90. Saygin NE, Giannobile WV, Somerman

MJ. Molecular and cell biology of cemen-

tum. Periodontol 2000 2000;24:73–98.
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