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te
r 1Head and neck squamous cell carcinoma (HNSCC) ranks as the 9th most common cancer in 

the world and accounts for approximately 4% of all cancer cases worldwide.1 Treatment 
protocol of HNSCC is determined by the tumor localisation and TNM-staging, and it consists 
of surgical resection of the tumor or a combination of surgery, radiotherapy  (RT) and/or 
chemotherapy.2 Although RT plays an important role in the treatment of HNSCC, local side 
effects such as fibrosis, chronic oedema, tissue atrophy and necrosis, mucositis, xerostomia, 
hypogeusia, trismus, radiation caries, candidiasis and osteoradionecrosis (ORN) and even 
secondary carcinomas may occur. 3-6 Xerostomia and oral mucositis remain the most troubling 
complications after radiotherapy, which affects a large group of cancer patients.3 
Oral rehabilitation of cancer patients with dental implants, is a meaningful postoperative 
procedure to increase the quality of  life. Conventional prosthetic treatment or dental 
implant- supported prosthetic devices should be offered to cancer patients after treatment 
to improve masticatory function.7 However, as mentioned above, the irradiated tissues 
appear to cause frequently problems for the longevity of survival and the quality of survival 
of dental implants, placed in these situations.8-13 According to Granström the dental implant 
failure rate is also associated with an increased time period after radiotherapy.14 Clinical 
experience shows also that in many cases dental implants placed after RT seem to integrate 
well, but after a period of several years, suddenly fail. The reason for some patients with 
the same degree of irradiation to experience dental implant failure where others seem to 
have successful implants, is not clear. According to Delanian radiation-induced fibrosis is the 
principle cause of damage to the soft tissues and bone.15 All components of the irradiated 
bone and the overlying mucosa are submitted to radiation, but they all have different degrees 
of susceptibility for radiation.16 Whether the cause of dental implant failure lies in the bony 
structures or the covering soft tissues, or a combination of both is unknown. Therefore, in 
order to avoid or decrease dental implant loss and complications, it is of vital importance to 
be aware of the effect of irradiation on the tissues involved.
Although the experience with irradiated bone is not conclusive, some trends can be observed. 
As radiotherapy plays an important role in the treatment of head and neck malignancies, the 
present types and levels of radiotherapy, has become a major cause of complications in post-
oncological patients. An additional complicated factor is the increasing utilization of dental 
implants in reconstructive surgery. Dental implant failure itself on the median term offers a 
significant problem (peri-implant infection extending via the peri-implant sulcus) but even 
more so the risk of osteomyelitis as a result of implant failure. ORN appears to be highly 
correlated with the given radiation dose. Several publications mention radiation dose levels 
of over 50 Gy to be significantly associated with dental implant loss and ORN.8,14,17
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Previous studies
Radiation damage to the soft tissues are not extensively studied in the literature. In the 
nineties Asikainen et al. published several studies on the effects of irradiation on oral 
tissues.18-20 These animal studies showed that high dose irradiation, comparable with 
tumor radiotherapy in humans, caused not only changes in the bony tissues (as described 
earlier in the literature) but caused also remarkable changes of the oral mucosa, specifically 
disappearance of microplication of superficial epithelial cells. Asikainen et al. published the 
first paper on the loss of MPL in 1990 as a result of 40 Gy radiation in a Beagle dog study. 
At this level of irradiation the MPL lost their normal structure, although they did not totally 
disappear.18 In a subsequent study on dental implants placed in Beagle dogs, Asikainen et al. 
looked at the effects of (40 Gy) radiation on the survival of dental implants and peri-implant 
bone loss in a split “mouth” design.19 At 40 Gy radiation level, no implants were lost and 
peri-implant bone loss was slightly higher at the irradiated implants. Histologically there was 
less intensive bone growth on the irradiated dental implants compared to the non-radiated 
implants. In another study Asikainen et al.  studied the effects of higher doses of irradiation 
(40, 50 and 60 Gy) in Beagle dogs. In the 40 Gy study population all dental implants placed 
integrated well and showed minimal peri-implant bone loss at 6 months. 
In the 50 Gy study group one dental implant (of the 10 irradiated implants) was lost. 
In the 60 Gy study group all 10 irradiated dental implants were lost. All contralateral un-
irradiated implants in all three study groups osseo-integrated well. 20 Regarding the results 
of the previously mentioned studies, the covering oral mucosa may also play an important 
pathogenic role. After the previously described animal experiments, it would be of great 
value to investigate the effects of radiation on the oral tissues in humans.
The oral epithelium with its superficial layer mechanism together with the saliva and its 
components forms a complex structure, which is the first line of defence in the oral cavity.21 
A complex mucous layer covers the oral epithelium. The superficial cells show a typical 
structure, which decorates the cell surface, called microplicae (MPL). The MPL structure is 
typical of the epithelial cell surfaces that are covered with protective mucus, e.g. saliva. The 
cell surface of the oral epithelium is of potentially great significance, as it harbours many 
markers for refined prognosis and targets for oral mucosal diseases and cancer therapy. In a 
recent publication by Hannig et al. this area of microstructural cell properties is regarded as 
underestimated and the authors, therefore, stress the importance of further investigation 
of the microstructure of the oral mucosa and its covering pellicle including mucins (MUC5B, 
MUC7).21  Despite the MPL structure of the superficial cells of the oral mucosa has been 
described morphologically, their function and physiological significance has not yet been 
clarified. By understanding the microstructure of the superficial oral epithelial cells, it might 
be possible to define selection criteria for patients who need dental implant surgery after RT, 
thus avoiding severe complications. 
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te
r 1The general aim of this thesis is to investigate the effects of irradiation on the oral tissues, 

more specifically on the oral mucosa. In this respect the microstructure of the superficial cells 
of the oral mucosa are investigated. The irradiation-induced changes of the MPL structure in 
a canine model and in human subjects are described.

Outline of this thesis

In Chapter 2 a review of the literature on the MPL structure and its function is given, in order 
to form a basis for further studies of the MPL structure of the oral epithelial cells.

In Chapter 3 a study is described combining prevailing ideas regarding the development of 
different oral mucosa entities. The defence architecture of the superficial cells of the oral 
mucosa is hypothesized. Furthermore, the function of the MPL as a part of the total oral 
defence system is described.

In Chapter 4 a study is presented that classifies the morphological variations of MPL of the 
superficial oral mucosal cells in the different locations of the oral cavity in healthy patients.
In Chapter 5 the effects of irradiation in an experimental animal study are described.  Ten 
Beagle dogs were exposed to radiation doses of 40 and 50 Gy to investigate changes in the 
superficial cells of the oral mucosa. 

In Chapter 6 the results of a study are presented that focused on the ultrastructural 
morphology of the cell membrane of superficial cells of the oral mucosa and the covering 
mucin complex in healthy humans.

In Chapter 7 the results of an electron microscopic study of human oral mucosa, obtained 
from irradiated patients and non-radiated controls, are described and discussed.  The specific 
aim is to provide clinical relevant data that might be helpful to predict high-risk situations for 
oral rehabilitation with dental implants.
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ABSTRACT

The surface structure of the superficial cells of the oral mucosa is decorated with numerous membrane ridges,
termed microplicae (MPLs). The MPL structure is typical of the epithelial surfaces that are covered with
protective mucus. Cell membrane MPLs are no longer seen as passive consequences of cellular activity. The
interaction between MPLs and the mucins has been demonstrated, however the role of MPL structure seen on
the upper surface of the oral epithelial cells is speculative. The cell surface is of potentially great significance, as
it harbors many markers for refined prognosis and targets for oral mucosal diseases and cancer therapy. With
these aspects in mind, we conducted the present review of the MPL structure and function in order to form the
basis for further studies of MPLs of the oral epithelial cells.

Keywords: Microplicae, oral mucosa, SEM

At high magnification the surface structure of the
superficial cells of the oral mucosa is decorated with
numerous membrane ridges, which has been demon-
strated in many studies and in many species during
past four decades [1–13]. These surface ridges are
discussed under various names, but the term ‘‘micro-
plicae’’ (MPL) has gained wide acceptance. The MPL
structure is typical of the epithelial surfaces that are
covered with protective mucus [14]. Since the market-
ing of the scanning electron microscope (SEM) in 1965,
superficial structure of different surfaces, including
cell surfaces, has been subject to constantly increasing
interest. Since the preparative technique of soft tissues
has been developed [15–20], scanning electron micro-
scopy has become a useful tool for biology and
pathology. Using SEM it is possible to study the
superficial cells of the oral mucosa three-dimension-
ally, and a large area can be studied at the same

time and at high magnifications. So, SEM studies
complement the information that is found with light
microscopy, immunohistochemistry and transmission
electron microscopy (TEM).

SEM was first applied in studies of the oral mucosa
by Morgenroth and Morgenroth [1,21]. Although the
MPL structure has been widely studied in the past
decades [2,14,19,22–24], their importance and signifi-
cance in oral biology is not documented. We con-
ducted a systemic review of the MPL structure and its
function in order to form the basis for further studies
of the MPL structure of the oral epithelial cells.

SEARCH STRATEGY

The PubMed and Biological Sciences databases were
searched independently by 2 investigators (PA and
AMK) to retrieve relevant studies published before

Correspondence: A. M. Kullaa, Institute of Dentistry, University of Eastern Finland, Kuopio Campus, P.O. Box 1627, SF-70211 Kuopio, Finland.
Tel: +358445150452. E-mail: arja.kullaa@uef.fi

Received 8 May 2015; Accepted 19 May 2015; Published online 27 July 2015
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1 July 2014. The search criteria ‘‘microplicae’’ and
‘‘scanning electron microscopy’’ were used in text
word searches, and the ‘‘related articles’’ function was
used to broaden the search. Reference lists of selected
articles were also manually examined to find relevant
studies not discovered during the database searches.
On 1 December 2014, the databases were searched
again using the same search criteria for additional
studies. Titles and abstracts were screened for subject
relevance. Studies that could not be definitely
excluded based on abstract information were also
selected for full text screening. Three reviewers (PA,
ES, AMK) examined the full text of all relevant studies
for inclusion possibility and discussed with the other
authors to reach a consensus. The initial literature
search retrieved 199 articles from the database and 13
articles from reference lists of selected articles cover-
ing the years 1976 through 2014. The publication flow
chart is shown in Figure 1.

STRUCTURE OF SUPERFICIAL CELL
OF THE ORAL MUCOSA

The wet-surfaced mucosae form the first defence line
in the human body. The MPL structure of the
superficial epithelial cells is typical of the epithelial
surface of areas with protective mucus, as cornea
[25,26], vaginal and cervical mucosa [27,28]. The oral
mucosa is quite similar to other mucous membranes
and the superficial cells contain MPL-structure. Free
surface of mucosal cells are characterized by straight
parallel or branching microplicae, which represent the
plasmalemma folds [2].

The surface of superficial epithelial cells of the oral
mucosa was described from transmission electron
micrographs as bearing short microvilli (Figure 2E),
but scanning electron microscopy reveals that they are

in fact ridges or plications (Figure 2A–D). In addition,
it can be noticed that the boundaries of the squamous
cells are marked by juxtaposed continuous ridges on
adjacent cells (Figure 2A and C).

The MPL structure of the superficial cells can be
classified as follows: (1) straight, parallel MPL,
(2) curved and branched MPL, and (3) honeycomb
appearance, as seen in Figure 3 [14].

However, the MPL structure of oral mucosa varies
in different parts of the oral cavity [7]. The oral
mucosa is classified by function into masticatory,
lining and specialized oral mucosa, with regional
structural adaptation. Structural complexity of the
MPL of the oral mucosal cells, parallel or branching,
was common observation in the area of lining mucosa
and in the tongue between the filiform papillae [7,29].

Furthermore, the MPL structure of the superficial
cells is characteristic for the non-keratinized epithe-
lium and it has been morphologically described in
healthy oral mucosa [2,4,7,13,14,19,22–24,30,31]. In oral
mucosa, the non-keratinized cells have surface struc-
ture with parallel or branching MPLs, while kerati-
nized cells have a honeycomb appearance of
interconnecting ridges surrounding depressions
(Figure 3). The density of MPL varies in different part
of the oral cavity. The width of MPL is from .11 mm to
.18 mm, and there are no marked differences in the
width of MPL in different parts of the oral cavity [13].

FUNCTION OF MICROPLICAE

The MPL structure of the superficial cells of the oral
mucosa has been described morphologically, but their
possible functional significance is still unknown.
Several functions have been attributed to these
characteristic cell structures. Irrespective of their
pattern, major function is to provide mechanical

FIGURE 1. Flow diagram of screened and included studies.

2 P. Asikainen et al.
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reinforcement against trauma, and, more significantly
to hold in place an abundant mucous layer which
lowers frictional forces and serves as one of the most
important protective mechanisms associated with oral
mucosa. In our previous study, we have suggested the
role of MPL: either MPL hold mucus on the cell
surface or increase the surface area available for
environmental contact [29]. The MPL structure may
maximize the absorbance of metabolic products across
the outer cell membrane and hold mucus on the cell
surface [32]. The surface of the oral epithelial cells is
specialized in various ways to accommodate to
osmotic pressure differences between the cell interior
and the salivary environment and to physical and
mechanical stresses to which they are subjected. MPL
structure of the oral epithelial cells may have a
mechanical role in holding the saliva pellicle over

the oral mucosa. It is evident that MPLs increase the
surface area of the epithelium.

Pfister [26] suggested at first time that microplicae
might hold a protective tear film on the corneal
surface. Later, the interaction between the MPL
structure and the mucins is shown: mucins are
expressed on the tips of the MPL [33–36]. The
ultramicroscopic identification of MPL with mem-
brane-associated mucins is evident because of their
protective and signalling role in epithelial cell, as
shown in cornea [37].

The bacterial infections occur across wet-surfaced
mucosal epithelia, including the oral mucosa. In
accumulation of bacteria in the oral mucosa, MPL
with the glycocalyx may form a protective wall
to hinder bacteria from entering the epithelium.
In addition, mucosal surfaces with highly

FIGURE 2. Microplicae and a cell boundary visualized with SEM in low (A) and high (B) magnification. The same objects visualized
in 3D surface models (C and D). Cross section of a superficial cell of the oral mucosa studied with TEM (E), and a 3D model of the
microplicae acquired using electron tomography (F).

FIGURE 3. Surface structure of superficial cells of the oral mucosa. (A) Straight, parallel MPL, (B) curved and branched MPL and
(C) honeycomb appearance of MPL as seen in SEM.

Microplicae: Cell Surface Structure 3
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glycosylated proteins are active in bacterial aggrega-
tion and in oral mucosal lubrication forming so called
‘‘oral mucosal barrier complex’’ together with the cell
surface MPL [38]. The removal of membrane asso-
ciated mucins (MAMs) by bacterial enzymes leads to
loss of the glycocalyx associated to the MPLs, and this
may be an important virulence mechanism employed
by disease-causing bacteria to gain access to epithelial
cells to cause infection [39]. In contrast, the destroyed
MPL structure and glycocalyx of the superficial
epithelial cells caused by different oral mucosal
diseases may increase the ability of bacterial and
toxin invasion.

Drug absorption is suggested to be attributed to the
structure of mucus layer and MPL structure of super-
ficial epithelial cells [40]. Furthermore, topical drugs
seem to change the MPL structure [41]. Therefore, it is
important to know the role of MPL structure to the
permeability of the oral mucosa, when new drugs are
developed. A challenge in planning topical agents for
the oral cavity is the need for adhesion of the moist
mucosa. Regarding the development of bioadhesive
gels by optimizing the retention time of the drugs, the
surface microplicae of the mucosal cells and their
function are important to study further.

Relationship of surface MPL structure
and saliva

Cells communicate with the surrounding environment
through cell-surface molecules. Also saliva directly
influences the physiology of the superficial cells of the
oral mucosa. Superficial cells of the oral mucosa are
designed in a particular manner because they must
provide the framework for peripheral protection. This
requires that the structural framework, MPL structure,
matches the architecture of mucosal protection. Being
similar with cornea, theMPL structure and its function
provide the underlying basis for mucins [42]. In recent
years, there has been remarkable progress in under-
standing the structure of superficial cells and the
composition of residual saliva that are present on all
wet-surfaced oral epithelia [43]. Especially, the mem-
brane-associated mucin MUC1 is prominent on buccal
and labial surfaces binding salivary proteins in pellicle
formation [43,44]. It has been suggested that the
mucosal pellicle is a mixed film of both salivary and
epithelial components [36,42]. The residual saliva is
important in protecting the oral mucosa, retaining
moisture, lubrication, and homeostasis. The MPL
structure and their function may provide the under-
lying basis for membrane associated mucins of the
epithelial cells. Microplicae functions are thought to be
closely related to the glycocalyx [39]. Moreover,
microplicae mechanism will be effective when glyco-
calyx is intact as the lack of this structure has been
linked to pathological changes in microplicae [45].

DISEASE INVOLVEMENT

The wet-surfaced mucosa forms the primary struc-
tural and immunological barrier between the internal
and external environments and protects against
entry of noxious system or micro-organisms, against
loss of fluids and against mechanical damage. The
normal structure of the mucosa and the microstruc-
ture can be disturbed as a result of physical or
chemical injury, infections, or many other mucosal
disease processes.

A number of disorders are known to affect the
oral mucosa and cannot readily be recognised by
conventional histological methods. Scanning electron
microscope (SEM) permits a resolution higher than
that of light microscope. Moreover, SEM enables
imaging of the cell structures three-dimensionally
with a large depth-of-field, thus revealing the real
complex structure of MPLs. Therefore, it may
elucidate the changes observed in light microscopi-
cally and examine the surface changes of the oral
epithelia. Many clinically known mucosal disorders
cause changes in the oral epithelium and thus
differences in its surface appearance, including
leukoplakia [21,46–51], oral lichen planus (LP)
[46,50,52,53], denture stomatitis [54,55], different
tongue lesions [18,56,57], inflammatory hyperplasia
[58], premalignant and malignant lesions [46,51,59–
65], as well as irradiated mucosa [63,66–68]. In oral
pathology, four aspects of the superficial cell surface
of the oral mucosa were described by Dourov [69]:
(1) parallel microridges; (2) honeycomb appearance;
(3) microvilli; (4) a more or less smooth surface.

Altered cell surface architectures were found in
different clinical types of leukoplakia, as in leukopla-
kia verrucosa, LP erosive and dysplastic erosive LP
[51]. Leukoplakiae showing varying degrees of dys-
plasia revealed cell surfaces with irregular microvilli
or swollen MPL [51,46,47].

Preneoplastic cells of the cervix can be distin-
guished from normal epithelial cells [27,28,70,71]. The
stratified squamous cells of the oral mucosa may also
lose their MPL structure in carcinoma and after
irradiation [60–68].

The variable morphology of the epithelial surface
may be related to cells’ transformation during
maturation and may describe the processes that
affect the upper part of the mucous membrane and
cause changes in its appearance.

ANALYSIS OF MPL STRUCTURE

A computerized image analysis system has been
described for the first time by Kullaa-Mikkonen [14].
Before the development of digital imaging systems,
some quantitative studies have been conducted to
analyse the MPL structure of oral superficial cells
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[59,72,73]. During the past years, some applications
have now been found for computerized image
analyses. Digital image analysis software (ImageJ, W.
Rasband, National Institutes of Health, Bethesda, MD)
was used in a recent study to measure the MPL
structures, such as density of MPL and different
dimensions of the surface structure, branching,
parallel, pitted [13,68,74,75]. Although the density of
MPL varies in different parts of oral cavity, the
dimensions (height, width) of MPL are relatively
stable. However, changes of the MPL structure are
clear between the keratinized and nonkeratinized
epithelium.

The analysis process of the SEM images described
by Julio et al. [74] involves image thresholding
and binarization. The original greyscale images
are converted to black-and-white images according to
thresholding determined by the Otsu method. This is
to create a binarized image for further analysis of the
MPLs and their features. This way, features such as
area, dimensions, density and circularity etc. of MPLs
could be determined numerically for statistical analy-
sis, using black-and-white pixel image maps.

DISCUSSION

Biological membranes exhibit various function-related
shapes, like MPL structure of the oral mucosal cells.
Changes in MPL structure in different oral mucosal
diseases appear to be particularly interesting in terms
of their potential value in oral biology, pathophysiol-
ogy and diagnosis.

Although much has been done within the last
decades to clarify the role of MPL of the oral epithelial
cells, some basic issues for further investigation can
clearly be identified. Theoretically, the MPLs on the
cell surface are of importance, as they may not only
allow saliva retention, but they may also harbour
biomarkers for different diseases.

The three-dimensional findings with TEM and
SEM offer the opportunity to re-evaluate the classic
histopathology of the oral mucosa and oral mucosal
diseases using more refined microtopographical
parameters.

Furthermore, the metabolites at the tip of micro-
plicaemay open a new avenue to understand better the
biology and pathology of oral mucosa. Utilizing, e.g.,
immune-electron microscopy will provide even more
information on the structure, function and composition
of the epithelial cells at molecular level.
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a b s t r a c t

The oral epithelium together with the saliva and its components forms a complex structure which is the
first line of defence in the oral cavity. The surface of superficial cells of the oral epithelium contains ridge-
like folds, microplicae (MPL), which are typical of the surfaces of areas covered with protective mucus.
The role of MPL seen on the upper surface of the oral epithelial cells is still unknown. The salivary mucus
gel performs a protective diffusion membrane against harmful substances and this membrane is built up
by epithelial cells covered by a highly hydrated and viscous gel, where mucins constitute the scaffold. The
interaction between the MPL-structure and the mucins is shown in cornea, so that mucins are expressed
on the tips of the MPL of the epithelial cells. We hypothesized that the MPL architecture of oral superficial
epithelial cells provides the underlying basis for mucins’s protective function as well as in ocular surface.
The salivary mucous barrier is required to protect the superficial cells and the MPL-structure together
with membrane anchored mucin binding protein (MBP) forms the ground to this mucous barrier.
So, oral mucosal barrier complex (OMBC) contains both the MBP-mucin – complex and the

MPL-structure of the superficial cells.
In the future, studies of the alterations of the salivary mucins and that of the MPL-structure may yield

therapeutic opportunities for burning mouth syndrome and perhaps for mucositis causing by irradiation.
Focus on cell surface microplication and mucins in oral mucosal biology and oral mucosal diseases is a
promising avenue for future research in several ways.

� 2012 Elsevier Ltd. All rights reserved.

Introduction

The primary function of the oral mucosa is to protect the under-
lining tissues from mechanical and chemical damage and from the
entry of microorganisms and toxic materials. The oral epithelium
with its superficial layer mechanism together with the saliva and
its components forms a complex structure which is the first line
of defence in the oral cavity. This complex is highly adapted to
protect the deeper tissues.

The surfaces of the superficial cells are comprised of numerous
membrane folds called microplicae (MPL) [1]. The cell surface MPL-
structure is typical of the surfaces of areas covered with protective
mucus, such as the cervical mucosa [2], the cornea [3], the epider-
mis of the human fetus [4] and the esophageal mucosa [5], as well
as the oral mucosa. On the other hand, a complex mucous layer
covers the oral epithelium. The composition of saliva is important

for its function at the oral mucosal surface. Of particular interest
are salivary glycoproteins, mucins, with unique viscoelastic and
protective properties that are vital in coating mucosal surfaces
[6,7]. The formation of stable gel complex of high viscosity on
the oral mucosa is still debated.

In spite of extensive literature available on the composition of
residual saliva and on the structure of oral mucosa, there appears
to have been no published studies of the correlation between the
MPL-structure of oral epithelial cells and the salivary layer.

Wetness of the oral mucosa

A film of residual saliva covers the oral mucosa, and its thickness
varies at different oral mucosal sites [8]. This film, which forms the
mucosal wetness, is believed to be involved in barrier function, pro-
tection and lubrication [9]. The lubrication of oral mucosa is largely
mediated by mucins [10–12], which are present at the interface
between epithelia with a wet surface [13]. The salivary mucus gel
performs a protective diffusion membrane against harmful sub-
stances, and this membrane is built up by epithelial cells covered
by a highly hydrated and viscous gel, where mucins constitute
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the scaffold [14]. Oral epithelial surfaces, just as cornea, display
strong affinity for mucins. This reflects the fact that epithelial cells
contain mucin binding protein (MBP), and thus establishes mucous
barrier from the luminal contents [15].

The mucin family consist of at least 20 members. On the basis of
their functional properties the mucins are divided into two major
categories: the secreted soluble mucins and the membrane-associ-
ated mucins (MAM). [16,17] However, very few investigations
have been reported the expression of MAM in the mucosa of
human oral cavity, and their functions are less well understood.
The MAMs, MUC1, MUC4 and MUC16, are produced in both parotid
and submandibular glands and also in minor salivary glands
[16,17]. The role of secreted (MUC5B) or soluble (MUC7) mucins
on the oral mucus barrier formation is not well known. Futher-
more, additional salivary components may be identified in this
mucous barrier formation, as lactoperoxidase [18] and trefoil factor
3 [19]. Most wet-surfaced epithelia express several mucins and
other components, albeit in different combinations [18–20].

Originally thought to function only in epithelial surface lubrica-
tion and hydration, data now indicate that the membrane-
bound mucins are additionally involved in signaling pathways
[17,21–23], even their expression and alteration in glycosylation
are associated with the development of malignant diseases [24].
Mucins are used also as diagnostic markers in cancer [14].

MUC1 mucin expression is associated with premalignant and
malignant lesions arising in the oral mucosa [25,26]; however, its
function in the oral environment is uncertain [17,20].

Although the function of the mucins and other salivary compo-
nents on the oral mucosa is not elucidated, it is possible that they
contribute to the epithelial protective mucin layer, which can
discussed as glycocalyx, and act as receptors initiating intracellular
signal transduction pathways.

Cell surface structure

The oral mucosa is quite similar to other mucous membrane in
the human body. Studied by scanning electron microscopy (SEM)
at high magnification, the surface of superficial cells of the oral
epithelium contains ridge-like folds, microplicae (MPL) [27], which
can be shown to have a similar appearance to that previously ob-
served for rabbit and human cornea [3,28]. Cell membrane MPL
is no longer seen as a passive consequence of cellular activity,
but several functions have been attributed to these characteristic
structure. They may maximize the absorbance of oxygen and nutri-
ents as in corneal epithelial cells, and aid in the movement of met-
abolic products across the outer cell membrane and hold mucus on
the cell surface [29]. The role of MPL seen on the upper surface of
the oral epithelial cells is speculative.

The last 10 years have been remarkable progress in understand-
ing the MPL-structure of cell surface of the cornea [30–32]. In some
studies the interaction between the MPL-structure and the mucins
is shown: mucins are expressed on the tips of the microplicae
(MPL) of the epithelial cells [33–35].

The hypothesis

In view of the above-mentioned discoveries, we hypothesized
that the MAM are concentrated on the tips of the microplicae of
the oral epithelial cells forming a glycocalyx at the epithelial sali-
vary film interface. It could be argued that the MPL architecture
of oral superficial epithelial cells provides the underlying basis
for mucins’s protective function as well as in ocular surface.

MPL-functions are thought to be closely related to glycoproteins
(mucins), which make the main basis of the residual saliva. These
mucins play the vital role in determining the physical properties

of this essential barrier in health and disease. Moreover, MPL-
mechanism will be effective when glycocalyx is intact as the lack
of this structure has been linked to pathological changes in MPL
[36]. The surface MPL of oral superficial stratified cells (seen in
SEM) represent the same plasmalemma folds which are visible in
transmission electron microscope (TEM) as seen in Fig. 1. This leads
us to suggest that also the surface of oral superficial cells may be
characteristics by glycocalyx which may cross-link between sali-
vary components and oral epithelial cell. Superficial cells communi-
cate with the covering mucus film through cell-surface molecules.
Our hypothesis (Fig. 2.) is modified by the findings presented by
Argüeso & Gipson [31] and by our own findings, so that oral muco-
sal barrier complex (OMBC) contains both the MBP – mucin – com-
plex and the MPL-structure of the superficial cells.

Discussion

In this preliminary paper we focus on investigating possibilities
to form the salivary mucous barrier (oral glycocalyx) on the surface
of the superficial cells of the oral mucosa. Although much has been
learned about the salivary mucins, there are major gaps in knowl-
edge regarding the function of the molecules and their role in oral
mucosal biology or in different diseases. The composition of resid-
ual saliva is important in determining how it functions at the oral
mucosal surface. In the future, we are interested how the salivary
glycocalyx can be changed in amount, size, and type in different
oral diseases. The mucus gel may be disrupted by a variety of
extrinsic or intrinsic factors. For instance, hyposalivation disrupts
the homeostasis of the saliva film with the epithelial cells, and

Fig. 1. (A) Microplica-structure of an oral epithelial cell seen with scanning electron
microscope (SEM) (Original mag 2000�). (B) Microplicae seen with SEM correlate
with the invaginations of the plasma membrane seen with transmission electron
microscope (TEM) (Original mag 5000�).

Fig. 2. A diagram illustrating our hypothesis of the structure of oral mucosal barrier
complex (OMBC). Membrane-associated mucins (M; yellow) together with mucin
binding proteins (MBP; blue) localize to the tip of microplicae of the epithelial cells.
OMBC contains also other mucins, as MUC7 (M7), which is secreted with trefoil
factor 3 (TFF3; red pits), and other salivary components, as lactoperoxidase (L),
immunoglobulins (IgA) and so on. Modified after Argüeso & Gipson (2001). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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the scaffold [14]. Oral epithelial surfaces, just as cornea, display
strong affinity for mucins. This reflects the fact that epithelial cells
contain mucin binding protein (MBP), and thus establishes mucous
barrier from the luminal contents [15].

The mucin family consist of at least 20 members. On the basis of
their functional properties the mucins are divided into two major
categories: the secreted soluble mucins and the membrane-associ-
ated mucins (MAM). [16,17] However, very few investigations
have been reported the expression of MAM in the mucosa of
human oral cavity, and their functions are less well understood.
The MAMs, MUC1, MUC4 and MUC16, are produced in both parotid
and submandibular glands and also in minor salivary glands
[16,17]. The role of secreted (MUC5B) or soluble (MUC7) mucins
on the oral mucus barrier formation is not well known. Futher-
more, additional salivary components may be identified in this
mucous barrier formation, as lactoperoxidase [18] and trefoil factor
3 [19]. Most wet-surfaced epithelia express several mucins and
other components, albeit in different combinations [18–20].

Originally thought to function only in epithelial surface lubrica-
tion and hydration, data now indicate that the membrane-
bound mucins are additionally involved in signaling pathways
[17,21–23], even their expression and alteration in glycosylation
are associated with the development of malignant diseases [24].
Mucins are used also as diagnostic markers in cancer [14].

MUC1 mucin expression is associated with premalignant and
malignant lesions arising in the oral mucosa [25,26]; however, its
function in the oral environment is uncertain [17,20].

Although the function of the mucins and other salivary compo-
nents on the oral mucosa is not elucidated, it is possible that they
contribute to the epithelial protective mucin layer, which can
discussed as glycocalyx, and act as receptors initiating intracellular
signal transduction pathways.

Cell surface structure

The oral mucosa is quite similar to other mucous membrane in
the human body. Studied by scanning electron microscopy (SEM)
at high magnification, the surface of superficial cells of the oral
epithelium contains ridge-like folds, microplicae (MPL) [27], which
can be shown to have a similar appearance to that previously ob-
served for rabbit and human cornea [3,28]. Cell membrane MPL
is no longer seen as a passive consequence of cellular activity,
but several functions have been attributed to these characteristic
structure. They may maximize the absorbance of oxygen and nutri-
ents as in corneal epithelial cells, and aid in the movement of met-
abolic products across the outer cell membrane and hold mucus on
the cell surface [29]. The role of MPL seen on the upper surface of
the oral epithelial cells is speculative.

The last 10 years have been remarkable progress in understand-
ing the MPL-structure of cell surface of the cornea [30–32]. In some
studies the interaction between the MPL-structure and the mucins
is shown: mucins are expressed on the tips of the microplicae
(MPL) of the epithelial cells [33–35].

The hypothesis

In view of the above-mentioned discoveries, we hypothesized
that the MAM are concentrated on the tips of the microplicae of
the oral epithelial cells forming a glycocalyx at the epithelial sali-
vary film interface. It could be argued that the MPL architecture
of oral superficial epithelial cells provides the underlying basis
for mucins’s protective function as well as in ocular surface.

MPL-functions are thought to be closely related to glycoproteins
(mucins), which make the main basis of the residual saliva. These
mucins play the vital role in determining the physical properties

of this essential barrier in health and disease. Moreover, MPL-
mechanism will be effective when glycocalyx is intact as the lack
of this structure has been linked to pathological changes in MPL
[36]. The surface MPL of oral superficial stratified cells (seen in
SEM) represent the same plasmalemma folds which are visible in
transmission electron microscope (TEM) as seen in Fig. 1. This leads
us to suggest that also the surface of oral superficial cells may be
characteristics by glycocalyx which may cross-link between sali-
vary components and oral epithelial cell. Superficial cells communi-
cate with the covering mucus film through cell-surface molecules.
Our hypothesis (Fig. 2.) is modified by the findings presented by
Argüeso & Gipson [31] and by our own findings, so that oral muco-
sal barrier complex (OMBC) contains both the MBP – mucin – com-
plex and the MPL-structure of the superficial cells.

Discussion

In this preliminary paper we focus on investigating possibilities
to form the salivary mucous barrier (oral glycocalyx) on the surface
of the superficial cells of the oral mucosa. Although much has been
learned about the salivary mucins, there are major gaps in knowl-
edge regarding the function of the molecules and their role in oral
mucosal biology or in different diseases. The composition of resid-
ual saliva is important in determining how it functions at the oral
mucosal surface. In the future, we are interested how the salivary
glycocalyx can be changed in amount, size, and type in different
oral diseases. The mucus gel may be disrupted by a variety of
extrinsic or intrinsic factors. For instance, hyposalivation disrupts
the homeostasis of the saliva film with the epithelial cells, and

Fig. 1. (A) Microplica-structure of an oral epithelial cell seen with scanning electron
microscope (SEM) (Original mag 2000�). (B) Microplicae seen with SEM correlate
with the invaginations of the plasma membrane seen with transmission electron
microscope (TEM) (Original mag 5000�).

Fig. 2. A diagram illustrating our hypothesis of the structure of oral mucosal barrier
complex (OMBC). Membrane-associated mucins (M; yellow) together with mucin
binding proteins (MBP; blue) localize to the tip of microplicae of the epithelial cells.
OMBC contains also other mucins, as MUC7 (M7), which is secreted with trefoil
factor 3 (TFF3; red pits), and other salivary components, as lactoperoxidase (L),
immunoglobulins (IgA) and so on. Modified after Argüeso & Gipson (2001). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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adversely affects its ability to perform essential functions such as
supporting the oral mucosal epithelium and preventing microbial
invasion. Perhaps, the speculations concerning the functional
significance of MPL-structure of the oral epithelial cells require
different view; the mucous barrier is required to protect the super-
ficial cells and the MPL-structure together with membrane an-
chored MBP forms the ground to this mucous barrier.

Consequently, correct assessment of the oral mucosa must in-
clude a complete analysis of the membrane MPL. The immune
system at these epithelial surfaces is the main signs for the study
of the association between the mucosal mucous barrier and the cell
surface structure. The number of cell surface microplicae may
decrease or change in some mucosal diseases [37] and in irradiated
mucosa [38]. In particular, there are several features that charac-
terize the glycocalyx of the oral epithelium that deserve particular
attention.

This article aims to combine prevailing ideas of the develop-
ment of different oral mucosal entities. In the future, studies of
the alterations of the salivary mucins and that of the MPL-structure
may yield therapeutic opportunities for burning mouth syndrome
and perhaps for mucositis causing by irradiation. Focus on cell sur-
face microplication and mucins in oral mucosal biology and oral
mucosal diseases is a promising avenue for future research in sev-
eral ways.
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ABSTRACT

Background: The apical cell membrane of the oral mucosa adjacent to the saliva interface is thrown into
membrane folds, termed microplicae (MPL) with variation in morphology. The present study classifies
morphological changes undergone by MPL into qualitative and quantitative categories.

Material and Methods: Oral mucosal specimens were obtained from 32 healthy patients. Half of each specimen
was prepared routinely for light microscopy, and the other part for scanning and transmission electron
microscopy. Different measurements of cell structure were presented: the density of MPL, the width and height
of MPL, the width of furrows between two adjacent MPL and the distance of the centre of MPL. Morphometric
measurements were obtained using a semiautomatic ImageJ analysis software (W Rasband, National Institutes
of Health, Bethesda, MD).

Results: Parallel and branching MPL was common observation in the area of lining mucosa and in the tongue
between the filiform papillae. The density of MPL was higher in the cells of the buccal mucosa than in the cells
of the tongue, 43.69þ 11.43% and 31.68þ 10.32%, respectively. The difference was significant (p50.001).
The width of MPL was 0.16mm in cells of the buccal mucosa and 0.12mm in cells of the tongue.

Conclusions: Our findings support the idea that MPL structure is a determining factor for the functionality of the
oral epithelium since the values of the MPL were kept relatively stable. The role of MPL structure of the oral
mucosal cells is discussed.

Keywords: Cell structure, image analysis, microplicae, microscopy, oral mucosa, scanning electron transmission
electron microscopy

The wet-surfaced oral mucosa forms the first line of
defense in the oral cavity. The primary function of the
oral mucosa is to protect the underlining tissues from
mechanical and chemical damage and from the entry
of microorganisms and toxic materials. At the oral
mucosal surface, the apical cell membrane adjacent
to the saliva interface is thrown into membrane
folds, termed microplicae (MPL), with variation in
morphology [1].

The MPL structure of the superficial cells is typical
of the epithelial surfaces of areas covered with
protective mucus [1]. Several functions have been

attributed to these characterisic cell structures. They
may maximize the absorbance of metabolic products
across the outer cell membrane and hold mucus on
the cell surface [2]. The interaction between the MPL
structure and the mucins is shown: mucins are
expressed on the tips of the MPL [3–5]. In our
previous study [6], we hypothesized that cellular
MPL of the superficial cells of the oral mucosa are
essential to maintain the functionality of the tissue,
and MPL architecture of superficial cells of oral
epithelia provides the underlying basis for the pro-
tective function of mucins.
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Studied with scanning electron microscopy (SEM),
the MPL structure of oral mucosa varies in different
parts of oral cavity [7]. Furthermore, MPL structure of
the superficial cells of the oral epithelium has been
studied in some mucosal diseases, including leuko-
plakia, oral lichen, denture stomatitis, fissured
tongue, irradiated mucosa, oral cancer, dysplasia,
and inflammatory hyperplasia [8–18].

Despite of their importance, MPL structures of oral
epithelial cells are very poorly documented and
their active role in oral biology and oral pathology is
unknown. The correct ultramicroscopic identification
of MPL with membrane-associated mucins is evident
because of their protective and signaling role in
epithelial cell, as shown in the cornea [19].

Although the MPL structure of the superficial cells
of the oral mucosa has been morphologically
described for several decades [1,7,20–24], only some
morphometrical studies have been carried out to
quantify the MPL structure [25,26]. In recent years,
numerous applications have been found for compu-
terized image analyses [27,28]. However, no morpho-
metrical studies using semiautomatic methods have
been carried out quantifying the outer layer of the oral
mucosa in different areas of the oral cavity by
scanning electron microscopy.

The results presented in this study could contribute
to better understanding of the microstructure of the
oral epithelial cells and form a reliable basis for
further studies of biology and pathological conditions
of the oral mucosa. Additionally, the current evalu-
ation classifies morphological changes undergone by
MPL of the superficial cells into qualitative and
quantitative categories.

MATERIAL AND METHODS

Permission for the study was given by the Ethics
Committee of the University of Kuopio. The study
was performed according to the Declaration of
Helsinki. All patients provided consent to participate
in the study. A description of the method was
presented previously [7]. Oral mucosal specimens
about 10� 5mm were obtained from 32 healthy,
nonsmoking patients during a variety of surgical
procedures in the oral cavity. The basic data for this
study are described in Table 1.

Before fixation in neutral phosphate-buffered for-
malin, the excised tissue was washed carefully with
saline solution to remove blood and mucus and cut in
two parts. The specimens were then fastened to a
Styrofoam plate with two pins to prevent the speci-
men from curling up during fixation. Half of each
specimen was prepared routinely for light microscopy
(LM) staining with hematoxylin–eosin and with
periodic acid–Schiff. To exclude the presence of
pathological changes, sections prepared from these

specimens were examined using conventional criteria
with LM.

Scanning Electron Microscopy

For scanning electron microscopy, the specimens were
postfixed for 2 h in 2% osmium tetroxide. The fixed
specimens were dried using critical point drying,
covered with gold using a sputter coater, Polaron E
5100 (Polaron Equipment, England), for 3min. The
specimens were examined and photographed using
a JEOL JSM-35 scanning electron microscope at 15 kV
and different magnifications (3600�; 4800�, and
6000�).

Transmission Electron Microscopy

For transmission electron microscopy (TEM), the
specimens were fixed with 2.5% glutaraldehyde for
2 h and postfixed with 1% osmium tetroxide with
cacodylate buffer solution at 4�C for 2 h. After being
rinsed with cacodylate buffer solution, the specimens
were dehydrated in graded ethanol and embedded in
epoxy resin. Semithin sections were prepared with
ultramicrotome, stained with 1% toluidine blue,
and examined with a light microscope. Thin sections
were made with an ultramicrotome and stained
with uranyl acetate. Observations were made
with JEOL JEM-2100F transmission electron micro-
scope equipped with a digital camera (Quemesa,
Olympus-SIS).

Digital Image Analysis

Ten to fifteen random areas were selected from
each SEM specimen and photographed at magnifica-
tions of 3600�, 4800�, and 6000�, as 8-bit gray-level
images at TIFF resolution 1024� 832 pixels. Secondly,
digital images were analyzed and morphometric
information about cell surface structure was obtained
using semiautomatic ImageJ analysis software
(W Rasband, National Institutes of Health, Bethesda,
MD, rsb.info.nih.gov/ij/).

TABLE 1. Basic data for material studied.

Biopsy area

Number of
biopsies
(N= 32)

Age range,
years

(mean age)
Men/
women

Tongue 9 20–31 (25) 3/6
Buccal mucosa 6 25–60 (35) 3/3
Floor of mouth 3 25–28 (26) 1/2
Hard palate 4 24–45 (35) 2/2
Attached gingiva 7 20–45 (31) 3/4
Lip mucosa 3 5–39 (31) 2/1

Oral Superficial Epithelial Cells 7
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The density of cell surface MPL was defined as the
percentage of pixels that represents these cell struc-
tures over the total number of pixels in a cell surface
[27]. An automated image grayscale binarization
technique, known as thresholding, was used in
ImageJ to process images into black-and-white maps
(Image4Adjust4Threshold . . .). Pixels with gray levels
falling under a specified threshold were turned into
black pixels, and those with gray levels above the
specified threshold were turned into white pixels. In
this way a picture was obtained in which objects were
clearly separated from the background. After thresh-
olding, the images were segmented, in that the
particles were separated with an automatic algorithm.
Segmentation was carried out from binarized images
with watershed analysis (Process4Binary4Watershed).
The number and areas of discrete particles in each
image was calculated (Analyze4Analyze Particles . . .).
The density of MPL was defined as a percentage of
pixels that represents the MPL structure over the total
number of pixels in a cell area 100 mm2. The data
processing is presented in Figure 1.

Visual and quantitative information about MPL
was obtained as follows: the density of MPL at 5
neighboring cells, the width and height of MPL, the
width of furrows between two adjacent MPL, and the
distance of the center of MPL at 10 random points of 5
cells. In the tongue mucosa, morphometric measure-
ments were made from the cells of the body of the
filiform papillae (Figure 2).

Statistical Analysis

The Mann-Whitney U test was applied for comparing
the morphological differences among the two cell
groups. p50.05 was considered statistically
significant.

RESULTS

Three main surface types of the oral mucosal epithe-
lial cells were seen with SEM: surface with (1) parallel

MPL or (2) branching MPL and (3) surface with pitted
appearance (Figure 3). The surface ultrastructure of
the superficial mucosal cell varied in different regions
of the oral cavity. On the buccal and lip mucosa, MPL
structure of the superficial cells was branching,
whereas MPL structure was parallel in the cells of
the tongue between the filiform papillae and in the
cells of the floor of the mouth; i.e., nonkeratinized
epithelium contained parallel or branching MPL.
Pitted appearance was seen in the cells of the
keratinized epithelium, as in the hard palate and in
the attached gingiva. When compared with TEM
pictures, the MPL were folds of the cell and they
contain cytoplasm. A panel of the microscopical
findings is presented in Figure 4.

In the morphometrical study, the density of MPL,
the height and the width of MPL, and the width
of furrows between two adjacent MPL were

FIGURE 1. Scanning electron microscopic image of superficial cell of buccal mucosa at original magnification �3600 (A). Detailed
view of the studied area (B). The area after binarization (C) and after thresholding and segmentation (D). The density of MPL was
defined as a percentage of pixels in a cell area 100mm2.

FIGURE 2. SEM micrograph of tongue mucosa (bar = 100 mm).
Morphometric measurements were made from the cells of the
body of the filiform papillae (arrows).

8 P. Asikainen et al.
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obtained (Table 2). The density of MPL was higher in
the cells of the buccal mucosa than in the cells of the
tongue, 43.69� 11.43% and 31.68� 10.32%, respect-
ively. The difference is significant (p50.001). The
width of MPL was 0.16 mm in cells of the buccal
mucosa and 0.12 mm in cells of the tongue.

The transmission electron micrographs showed the
bacteria adhering to the MPL with fimbriae (Figure 5).
The only mode of bacterial attachment to the healthy
oral mucosa detected in the present investigation was

fimbria-mediated adhesion. At higher magnification,
transmission electron micrographs showed thin elec-
tron-dense contrasting exterior to the cell wall
(Figure 5).

DISCUSSION

Superficial cells of the oral mucosa are designed in a
particular manner because they must provide the

FIGURE 4. Panel of light microscopic, scanning electron microscopic, and transmission electron microscopic views of superficial cell
of buccal mucosa (A–C) and attached gingival (D–F). Branching microplicae are typical for the nonkeratinized buccal mucosa (B;
bar = 5 mm). Pitted appearance is typical for the keratinized gingival epithelium (E; bar = 5 mm). Scanning electron microscopic
micrograph structures corresponding to TEM pictures are presented in (C) and (F) (bar = 2mm).

FIGURE 3. Three typical MPL structures of superficial cells of the mouth mucosa seen with SEM. Cells of the tongue mucosa and
those of the floor of the mouth have parallel microplicae (A). Epithelial cells of the buccal mucosa and those of the lip mucosa have
branching microplicae (B). Cells of the palatinum and those of the attached gingiva have pitted appearance (C). (Bar = 5 mm).

Oral Superficial Epithelial Cells 9
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framework for peripheral protection. This requires
that the structural framework, MPL, match the archi-
tecture of mucosal protection.

The MPL structure of the superficial cells of the
oral mucosa has been morphologically described for
several decades in healthy oral mucosa [1,7,20–24]
and in some mucosal diseases [8–18]. However, the
question arises as to the possible functional signifi-
cance of the MPL structure. Microplicae functions are
thought to be closely related to the glycocalyx.
Moreover, a microplicae mechanism will be effect-
ive when glycocalyx is intact, as the lack of this
structure has been linked to pathological changes in
microplicae [29].

MPL are thought to be the plasmalemma folds,
which provided for intercellular adhesions between
adjacent cells [20]. In the present study, however,
desmosomes are not always situated at the tips of
MPL. Furthermore, MPL has a cytoplasmic core. Their
function is speculative, but it may be rather signaling
than adhesion.

There are no marked differences in the width or
height of MPL in different parts of the oral cavity.
However, changes of the MPL structure were clear
between the keratinized and nonkeratinized epithe-
lium, as described previously [7]. Structural

complexity of the MPL of the oral mucosal cells,
parallel or branching, was a common observation in
the area of lining mucosa and in the tongue between
the filiform papillae. The density of MPL varied in
different parts of the oral cavity. Our findings support
the idea that MPL structure is a determining factor
for the functionality of the oral epithelium since the
values of the MPL kept relatively stable.

The residual saliva covers the oral mucosa, and its
thickness varies at different oral mucosal sites [30].
The film of the residual saliva is thicker in the sites of
the oral mucosa with nonkeratinized epithelium,
whereas the mucosal wetness is weaker in the
palatinal and gingival mucosa. The cell structure
may correlate with the wetness of the oral mucosa;
i.e., the film of residual saliva is thicker on the
epithelial cells with MPL.

The present results indicate that the MPL structure
of the oral mucosa is similar to that observed in the
corneal cells [28,31]. With the recent development of
tissue engineering techniques, methods using autolo-
gous cultivation of oral mucosal epithelial cells have
come into the spotlight [32–36]. Healthy oral mucosa
may be a good source of ocular surface reconstruction
materials, because the membrane-associated mucins
are expressed in human oral mucosal epithelial sheets

FIGURE 5. Transmission electron microscopic image shows a bacteria attached by filamentous material to MPL of an epithelial cell
(bar = 1 mm). At higher magnification, transmission electron microscopic image shows a thin layer of electron-dense contrasting
exterior to the cell wall (arrows).

TABLE 2. Morphometric analysis.

Tongue mucosa
(N= 35 cells) Parallel MPL

Buccal mucosa
(N= 30 cells) Branching MPL

MPL density (%/100 mm2) 31.69� 10.32 43.69� 11.43*
Width of MPL (mm� SD) 0.12� 0.03 0.16� 0.03
Height of MPL (mm� SD) – 0.17� 0.09
Width of furrow between two MPL (mm� SD) 0.22� 0.06 0.16� 0.05
Distance between the center of two adjacent MPL (mm� SD) 0.38� 0.13 0.31� 0.10

The surface MPL of the oral mucosal cells were measured with Image J.
*p50.001.
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and corneal epithelium [5]. Oral mucosa, which can be
easily accessed and obtained, may be a practical tissue
source for clinicians. The cultured oral epithelial cells
with MPL can possibly be used as an autologous graft
for cornea according to their similar MPL structure
and their function to provide the underlying basis for
mucins. However, we need more research to see the
functions of MPL in this process.

The bacterial infections occur across wet-surfaced
mucosal epithelia, including the oral mucosa. This
study confirms the existence of a complex network of
filamentous materials between bacteria surface and
epithelial cell membranes clearly noted by TEM.
In accumulation of bacteria in the oral mucosa, MPL
with the glycocalyx may form a protective wall to
hinder bacteria from entering the epithelium. In
addition, mucosal surfaces with highly glycosylated
proteins are active in bacterial aggregation and in oral
mucosal lubrication forming a so-called ‘‘oral mucosal
barrier complex’’ together with the cell surface MPL
[16]. The removal of membrane-associated mucins
(MAMs) by bacterial enzymes leads to loss of the
glycocalyx barrier function, and this may be an
important virulence mechanism employed by dis-
ease-causing bacteria to gain access to epithelial cells
to cause infection [37]. In contrast, the destroyed MPL
structure of the superficial epithelial cells caused by
different pathological processes may increase the
ability of bacterial invasion.

Drugs can be absorbed well through the oral
mucosa, which eliminates problems related to gastro-
intestinal first-pass metabolism. Drug absorption is
suggested to be attributed to the structure of mucus
layer and MPL structure of superficial epithelial cells
[38]. Thus, different areas of the oral mucosa have
different absorbing potentials and defense mechan-
isms [16]. So it is important to know the role of MPL
structure to drug resorption when new drugs are
developed.

We believe that superficial cells communicate
with the saliva through cell surface molecules, and
the saliva may directly influence the physiology of the
cells. A challenge in planning topical agents for the
oral cavity is the need for adhesion to the moist oral
mucosa. So, in developing bioadhesive gels by
optimizing the retention time of the drugs, the surface
microplicae of the mucosal cells and their function are
important to study further. Especially, the metabolites
at the tip of microplicae may open a new avenue
to understand better the biology and pathology of
oral mucosa.

Our objective results make it easy to identify
conclusive features that underlie clinical and subclin-
ical alterations in the oral mucosa. This systemic
evaluation/analysis could be used to further works
for objectively describing different disorders of the
mouth mucosa, to discriminate the progressive stages
of pathological processes, and for establishing

response to drugs and microorganisms. Obvious
regional differences observed in this topographical
study of the healthy oral mucosa provide a platform
for future investigations into the pathological mech-
anism of the oral mucosa.
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Zahnärzfl Z 1970;25: 1054–60.

9. Regezi JA, Deegan MJ, Hayward JR. Lichen planus:
immunologic and morphologic identification of the sub-
mucosal infiltrate. Oral Surg 1978;46: 44–52.

10. Jungell P, Malmström M, Wartiovaara J, Konttinen Y.
Ultrastructure of oral leukoplakia and lichen planus, II: a
correlated scanning and transmission electron microscopic
study of epithelial cells. J Oral Pathol 1987;16: 287–93.

11. Banoczy J, Lapis K, Albrecht M. Scanning electron micro-
scopic study of oral leukoplakia. J Oral Pathol 1980;9:
145–54.

12. Reichart PA, Althoff J. Granular type of denture stomatitis:
a scanning electron microscopic study of epithelial surface
patterns. Oral Surg 1982;54: 66–72.

Oral Superficial Epithelial Cells 11

! 2014 Informa Healthcare USA, Inc.



41

MICROSTRUCTURE OF THE SUPERFICIAL EPITHELIAL CELLS OF THE HUMAN ORAL MUCOSA

Ch
ap

te
r 4

13. Reichart PA, Althoff J. Oral leukoplakia: a scanning
electron microscopicstudy of epithelial surface patterns.
Int J Oral Surg 1983;12: 159–64.

14. Kullaa-Mikkonen A, Sorvari T. A scanning electron micro-
scopic study of fissured tongue. J Oral Pathol 1986;15: 93–7.

15. Robertson AG, Wilson P, Wilson DJ, et al. Microplication
patterns on human buccal epithelia following radiother-
apy: a scanning electron microscopic analysis. J Submicrosc
Cytol 1987;19: 515–21.

16. Asikainen P, Ruotsalainen TJ, Mikkonen JJW, et al. The
defence arcitecture of the superficial cells of the oral
mucosa. Med Hypotheses 2012;78: 790–2.

17. Worawongvasu R. A scanning electron microscopic study
of the dysplastic epithelia adjacent to oral squamous cell
carcinoma. Ultrastruct Pathol 2007;31: 273–81.

18. Worawongvasu R. A comparative study of the surface of
normal oral epithelia and inflammatory hyperplasias by
scanning electron microscopy. Ultrastruct Pathol 2007;31:
283–92.

19. Perez BH, Gipson IK. Focus on Molecules: Human mucin
MUC16. Exp Eye Res 2008;87: 400–1. doi:10.1016/
j.exer.2007.12.008.

20. Andrews PM. Microplicae: characteristic ridge-like folds of
the plasmalemma. J Cell Biol 1976;68: 420–9.

21. Sperry DG, Wassersug RJ. A Proposed function of
microridges on epithelial cells. Anat Rec 1976;85: 253–8.

22. Matravers J, Tyldesley WR. Scanning electron microscopy
of oral epithelial cells, part I: normal and malignant tissue.
Br J Oral Surg 1978;15: 193–202.

23. McMillan MD. Transmission and scanning electron micro-
scope studies on the surface coat of the oral mucosa in the
rat. J Periodontal Res 1980;15: 288–96.

24. Grossman ES. A histometric/scanning electron microscope
study of normal and loaded oral epithelium of the vervet
monkey. J Anat 1987;154: 81–90.

25. Matravers J, Tyldesley WR. Scanning electron microscopy
of oral epithelial cells, part II: potentially malignant lesions
(a computer-assisted study). Br J Oral Surg 1978;15: 203–14.

26. Nair PNR, Schroeder HE. Variationand density of micro-
plications in superficial cells of the normal oral lining
mucosa in the monkey Macacus fascicularis. Arch Oral Biol
1981;26: 837–43.

27. Julio G, Merindano MD, Canals M, Ralló M. Image
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ABSTRACT

Objectives: The aim of the present study is to investigate if radiation induces changes in the superficial cells of
the oral mucosa and secondly to describe morphological characteristics of the cell surface structure by scanning
electron microscopy (SEM).

Materials and methods: Ten beagle dogs aged 1–2 years were used in this study. One side of each mandible was
irradiated in two sessions, each lasting 1 week. The total dosage was 40Gy (Group A; 5 dogs) and 50Gy
(Group B; 5 dogs), in five fractions of 4Gy. The other side of mandible (non-irradiated) served as a control.
The specimen was harvested with a scalpel from the alveolar mucosa of the irradiated area 1 year after
irradiation and studied with SEM.

Results: In the control side, the surface structure of the cell contains straight parallel or branched microplicae
(MPL), which were equally spaced over the cell surfaces. Discontinuous and short MPL were typical cell
structure of irradiated mucosa. In 50Gy group, the surface structure of epithelial cell was pitted and the cell
boundaries were thick.

Conclusions: The novelty of the present study is that radiation disrupts superficial cells of the oral mucosa.
The role of the MPL structure of the superficial cells in mucositis development is discussed.

Keywords: Cell structure, irradiation, microplicae, oral mucosa, scanning electron microscopy

Oral mucositis remains one of the most troubling side
effects of radiotherapy and it impacts a large group of
cancer patients. The process of mucositis caused by
irradiation requires the consideration of stromal and
epithelial cell interactions [1]. The oral mucosa
manifests an inflammatory reaction as local response
to irradiation leading to vascular permeability, tissue
edema and inflammatory cells. Later, damage to
fibroblasts will result fibrosis [2]. Thus, an interaction
of cellular, vascular, and metabolic alterations occurs
in the different part of the oral mucosa. Furthermore,
the saliva and its component have a role in the
development of oral mucositis [1].

Ultrastructure of oral mucosa and different
mucosal diseases has been studied extensively with
scanning electron microscopy (SEM). The surface of
superficial cells of the oral epithelium forms ridge-like
folds, microplicae (MPL) [3,4], which are typical of
the surfaces of areas covered with protective mucus.
MPL of the oral mucosal cells are essential to maintain
the functionality of the tissue [5]. During cellular
responses to pathologic cues, i.e. irradiation, cell
surface proteins are activated or removed by proteo-
lysis, which can change the MPL structure of oral
epithelial cells as described also in irradiated oral
mucosa [6–8].
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Understanding the mechanism of oral mucositis is
of utmost importance in developing therapeutic
measures, preventive markers and attempting to
enhance healing. Therefore, it has gained the attention
of the pharmaceutical and biotechnology industry.

The aim of the present study is to investigate if
radiation induces changes in the superficial cells of
the oral mucosa and secondly to describe morpholo-
gical characteristics of the cell surface structure by
SEM.

MATERIALS AND METHODS

Permission for the study was given by the Ethics
Board of the University of Kuopio, and the experi-
ment was carried out under the control of the
University’s Guidelines for Animal Experimentation.
As a part of our larger research project, 10 beagle
dogs aged 1–2 years were used in this study.
Materials used were described previously by
Asikainen et al. [9].

Briefly, the one side of each mandible was
irradiated in two sessions, each lasting 1 week. The
total dosage was 40Gy (Group A; 5 dogs) and 50Gy
(Group B; 5 dogs), in five fractions of 4Gy. The
irradiation schedule is presented in Table 1. The other
side of mandible (non-irradiated) served as a control.

The radiation was given under I.V. anesthesia and
with an interval of approximately 1 month between
the radiation sessions in order to minimize mucosal
damage. A linear accelerator (Saturne III, CGR,
France) was used, and 6 MeV electrons were used as
the energy source. The size of the treatment area was
4.5 cm� 3 cm.

The specimen was harvested with a scalpel from
the alveolar mucosa of the irradiated area 1 year after
irradiation. To remove mucus, the excised tissue was
gently washed with saline. The specimen was fixed in
10% neutral phosphate-buffered formalin. After fixa-
tion, the piece of excised tissue was cut longitudinally
into two equal parts. One part was embedded in
paraffin blocks and stained for light microscopical
studies. The other was processed for SEM by first
fixing it for 2 h in 2% osmium tetroxide. The fixed
specimen was dried using critical point drying,
covered with gold using a sputter coater Polaron E
5100 (Polaron Equipment Ltd, England) for 3min.

The specimens were examined using a Jeol JSM-35
scanning electron microscope at 15KV and different
magnification (2000� and 3000�).

Morphometric analysis

Measurements of epithelial thickness were performed
with a DMRB photo microscope connected to a DFC
480 camera using QWin V3 software (all from Leica
Microsystems, Heerbrugg, Switzerland). At least 20
measurements per sections were made following a
protocol previously reported [10].

Ten to fifteen random areas were selected from
each SEM specimen and photographed at magnifica-
tions of 2000� and 3000�. Secondly, digital images
were analyzed using ImageJ analysis software
(W Rasband, National Institutes of Health, Bethesda,
MD, http://rsb.info.nih.gov/ij/). The methods of
analysis were described earlier [4].

Measurements were performed as follows: For each
SEM – specimens the epithelial cells were counted
according their MPL structure and the results were
presented in terms of percentages (%).

Student’s t-test for paired samples was carried out
in irradiated versus non-irradiated samples.
Significance was set at p50.05.

RESULTS

Light microscopically, the oral mucosa expressed
connective tissue without inflammation covered by
non-keratinized epithelium. Epithelial thickness
seemed to be somewhat less in 40Gy irradiated
mucosa (231.3 ± 12.9 mm) than in non-irradiated side
(248.2 ± 11.4 mm), but the reduction in epithelial thick-
ness did not reach statistical significance (p40.05).

SEM images, the tissue showed a cellular mosaic in
controls and in the group A (40Gy). In the group B
(50Gy), exfoliated epithelial cells were prominent.
Cell nuclei were not visible.

At magnification 2000�, the surface of the oral
mucosa in the control side was smooth and the cell
boundaries were tight. The surface structure of the cell
contains straight parallel or branched MPL, which
were equally spaced over the cell surfaces (Figure 1A).
In the group A (40Gy), parallel MPL were visible in
some cells (37%), but 13% cells in small areas
devoided of any surface projections (Figure 1B).
Discontinuous and short MPL were typical cell
structure of irradiated mucosa (50%; Figure 2A).
However, clear changes were visible in the epithelial
cells in the 50Gy group (Figure 1C). In irradiated
mucosa, the surface structure of epithelial cell was
pitted (85%) and the cell boundaries were thick
(Figure 2B). In some area, cells with broken MPL
were visible (15%). Furthermore, the desquamation of

TABLE 1. Irradiation schedule for Group A (40Gy) and Group
B (50Gy).

Session I Session II Total dose

Group A 4+ 4+ 4+ 4+ 4Gy 4+ 4+ 4+ 4+ 4Gy 40Gy
Group B 5+ 5+ 5+ 5+ 5Gy 5+ 5+ 5+ 5+ 5Gy 50Gy

Note. Between sessions I and II there was a 1-month interval.
The doses for each session were divided into 5 successive days.

Cell structure of the irradiated oral mucosa 269
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the epithelial cells was clear as compared to the
controls (Figure 1C).

DISCUSSION

The observations made during the present study
and some previous investigations [6–8] show that
superficial epithelial cells of oral mucosa induced
by radiotherapy differ in their surface morphology
from control cells. In healthy mucosa, the MPL
structure of the superficial cells is parallel or
branching. Short discontinuous MPL and pitted
surfaces are typical for the cells of irradiated
mucosa. The changes seem to be dependent on dose
of irradiation.

Radiation induced oral mucositis is the result of a
complex series of biological and cellular events. The
healing of oral mucositis is complete within 2–3

weeks, but some patients develop chronic mucositis
and the epithelium of oral mucosa does not heal
totally [2]. In the present study, we have taken the
specimens 1 year after irradiation. Certain surface
characteristics representing changes caused by irra-
diation are seen at the ultrastructural level but not at
the light microscopic level even 1 year later.
Furthermore, our experiment is performed using the
repeated delivery of fractionated doses of radiation
corresponding clinical radiotherapy in order to mini-
mize mucosal damage.

It is widely accepted that MPL are essential to keep
the physiology of the tissue intact in the wet-surfaced
mucosa [11–13]. In oral cavity, the changes in the
keratinization seen in light microscopy correlated
with the surface topography seen with SEM [3].
It is suggested that the patterns of microplications
and microvilli on cell surfaces can also be used to
obtain information on the state of the stratified

FIGURE 2. (A) Discontinuous and short microplicae are typical cell structure of irradiated oral mucosa in the group A (40Gy). Surface
structure of some cells shows abundant microvilli (Bar = 10 mm; original magnification� 3000). (B) In the group B (50Gy), cells of
irradiated mucosa have closely packed microvillous surface pattern and raised cell junctions (Bar = 10 mm; original
magnification� 2000).

FIGURE 1. SEM view of superficial cells of the oral mucosa at original �2000. (A) Parallel microplicae are typical for the non-
keratinized oral mucosa. (B) In the group A (40Gy), regional variation in cell surface ultrastructure is visible. Small areas devoided of
any surface projections, whereas some cells illustrate architecture found in the mucosa of the control side. (C) The surface structure of
epithelial cell in the group B (50Gy) is pitted and the cell boundaries were thick. Exfoliated epithelial cells are prominent in this group.
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squamous epithelium from which they come [3,7].
Radiotherapy disrupts fibroblasts within in the sub-
mucosa with the epithelium being the target tissue
[14]. So, abnormal differentiation and maturation of
the stratified squamous epithelium and cell interac-
tion in the basal and parabasal cell layers will be
reflected at the surface.

In response to radiation, it stimulates a number of
target enzymes. Radiation hydrolyzes cell membrane
by activating neutral lipids (ceramide) synthase, and
increased level of ceramide leads to epithelial cell
apoptosis [15]. As MPL has a cytoplasmic core [4], the
destruction of MPL structure may be an indication of
changes in the cell membrane.

Oral mucositis is not an infectious disease [1].
In our recent study, we suggest that MPL of the
epithelial cells together with membrane associated
mucins forms a glycocalyx at the epithelial salivary
film interface [5]. The oral mucosal barrier complex
(retention saliva) is multilevel and complex structure,
including membrane-associated mucins, mucin bind-
ing proteins, trefoil factors (TFFs) and many other
components [5,16]. The salivary mucus gel performs a
protective diffusion barrier against bacterial and
noxious environmental agents [17]. The destroyed
MPL structure of superficial epithelial cells caused by
radiotherapy may increase the ability of bacterial
invasion.

There are currently few preventive or treatment
options for oral mucositis. The treatment for
mucositis is still mostly palliative. The role of TFFs
in mucosal healing has been documented [18,19].
Interesting, TFFs are present in whole saliva and
they bind to the epithelial cells together with
membrane-associated mucins [5,20,21]. The MPL
structure of superficial cells forms the ground to
the oral mucin complex, which can be destroyed
by irradiation. Membrane-associated mucins and
other metabolites, including TFFs, at the tip of MPL
could be an approach to protect cells against irradia-
tion. Developing bioadhesive drugs for oral mucositis,
the MPL structure of irradiated mucosa and the
metabolites at the tip of MPL are important to study
further.

The pathobiology of oral mucositis is suggested to
begin with direct injury to both epithelial basal cells
and cells in the submucosa [1]. The novelty of the
present study is that radiation disrupts the superficial
cells of the oral mucosa. In the future, detailed
biological analyses of the correlation between the
MPL structure of oral mucosal cells and the residual
saliva (oral mucosal barrier complex) add information
regarding radiation-induced mucositis. Additionally,
the understanding of the molecular changes that
underlie mucositis development has created optimism
that more effective strategies for bioadhesive drug
therapy could be developed.
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ABSTRACT

Background: Salivary mucosal pellicle forms the structural basis of the local innate immune defense mechanism
of the oral mucosa. At the surface of the oral mucosa, the apical cell membrane adjacent to the saliva interface
contains short membrane folds, termed microplicae (MPL). This MPL structure of oral epithelial cells and its
function as a basis to the salivary mucosal pellicle is unclear. In this preliminary study, we describe the
ultrastructural morphology of cell membrane of superficial cells of the oral mucosa and study the membrane-
associated mucins (MAMs), MUC1 and MUC4, with immunohistological methods.

Materials and methods: Oral mucosal specimens were obtained from six healthy patients. Half of each specimen
was prepared routinely for light microscopy, and the other part for scanning and transmission electron
microscopy. The presence of MUC1 and MUC4 were studied by immunohistochemical methods in oral mucosal
specimens.

Results: Morphologically, the cell membrane of MPL is partly discontinuous and membrane-associated
molecules extrude from the cell membrane. MUC1 expression was detected in the superficial part of the buccal
epithelium, while MUC4 had no expression in the oral squamous epithelium.

Conclusions: The novel of this study is that the membrane-tethered molecules seem to occur onto the cell
membrane of the superficial epithelial cells of the oral mucosa. Furthermore, the stratified squamous epithelium
of the buccal mucosa produces MUC1 for the surface-saliva pellicle interface. The interaction between MPL
structure, MUC1 mucin, and salivary mucosal pellicle is discussed.

Keywords: Microplicae, MUC1, MUC4, mucins, oral mucosa, saliva, scanning electron microscopy, transmis-
sion electron microscopy

The oral mucosal epithelium together with the saliva-
derived pellicle performs a number of essential
functions that collectively lead to the protection of
the oral soft tissues. Oral mucosal surfaces are
protected by stable mucus, the first component of
the local innate defense system. The salivary mucosal
pellicle is an interacted, viscoelastic gel matrix
evolved to protect the oral mucosa from mechanical
and chemical damage and from the entry of micro-
organisms and toxic materials.

At the surface of the oral mucosa, the apical cell
membrane adjacent to the saliva interface contains
short membrane folds, termed microplicae (MPL)
which are recently described in detail [1]. In some
studies, the interaction between the MPL-structure
and the mucins is shown: mucins are expressed on the
tips of the MPL of the epithelial cells [2–4]. In the
cornea, the role of MPL structure as underlying
surface of tears has been shown [5–7]. Mucins are
present at the interface between epithelial cells with a
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wet surface and their extracellular environment [8].
However, the microstructure of oral superficial cells
and its function as a basis for the salivary mucosal
pellicle is unclear.

The composition of salivary pellicle contains many
proteins, in particular mucins, which are large, highly
glycosylated salivary proteins protecting mucosal
surfaces from desiccation and environmental insult
[9]. Secreted salivary mucins, MUC5B and MUC7, are
the most important glycoproteins found in saliva [10].
The membrane-associated mucins (MAMs), MUC1
and MUC4, are produced in all salivary glands [11,12]
and they play a role in pellicle formation at the
mucosal surfaces [13,14]. MAMs are considered to be
multi-functional proteins. For instance, mucins are
suggested to have an important role in inhibiting
microbial colonization and in signal transduction
in the immune system [15,16].

In our previous study [17], we hypothesized that
the MPL architecture of oral epithelial cells provides
the underlying basis for mucins’ protective function
as well as in ocular surface. Therefore in this study, we
describe the ultrastructural morphology of plasma
membrane of oral superficial cells and study the
MAM molecules, MUC1 and MUC4, with immuno-
histological methods.

MATERIAL AND METHODS

All procedures fulfilled the World Medical
Association Declaration of Helsinki (Helsinki,
Finland, 1964). The study protocol was approved by
the Ethics Committee of the University of Kuopio.
Informed consent was obtained from all subjects
included in this study.

Biopsies of the buccal mucosa about 10� 5mm
were obtained from three healthy men and three
healthy women (age range 25–60 years; mean age 35
years) at the time of oral surgery as described
previously [1]. Before fixation in 10% phosphate-
buffered formalin, the excised tissue was washed
carefully with saline solution to remove blood and
mucus. Half of each specimen was prepared for
electron microscopy and the other part for light
microscopy. To exclude the presence of pathological
changes, tissue sections of 5 mm of thickness were
prepared for hematoxylin–eosin staining and exam-
ined using conventional criteria with LM.

Electron microscopy

The one part of the excised tissue was processed
routinely for scanning and transmission electron
microscopy. For scanning electron microscopy
(SEM), the specimens were post-fixed for 2 h in 2%
osmium tetroxide. The fixed specimens were dried

using critical point drying, covered with gold using a
sputter coater Polaron E 5100 (Polaron Equipment
Ltd., England). The specimens were examined and
photographed using a Jeol JSM-35 SEM at 15 KV.

For transmission electron microscopy (TEM), the
specimens were fixed with 2.5% glutaraldehyde for
2 h and post-fixed with 1% osmium tetroxide with
cacodylate buffer solution at 4 �C for 2 h. After rinsing
with cacodylate buffer solution, the specimens were
dehydrated in graded ethanol and embedded in
epoxy resin. Ultrathin sections were prepared with
ultramicrotome, stained with 1% toluidine blue,
and examined with a light microscope. Thin sections
were made with an ultramicrotome and stained
with uranyl acetate. Observation was conducted
with Jeol JEM-2100F transmission electron microscope
equipped with a digital camera (Quemesa, Olympus-
SIS GmbH, Munster, Germany).

Immunohistochemistry

The avidin–biotin–peroxidase (ABC) method was
used for MUC1 andMUC4 immunostaining according
to the manufacturer’s instructions (Abcam,
Cambridge, United Kingdom). Five-micrometer sec-
tions were cut from paraffin blocks, and immunos-
tained for MUC1 and MUC4 mucins using Dako
EnVision-kit (Dako, Glostrup, Denmark). Endogenous
peroxidase was blocked by incubating the sections
with Dako Peroxidase-Blocking Solution at room
temperature for 10min. After washing twice with
PBS, the sections were incubated with 2% horse serum
in PBS for 30min to block non-specific staining.
Thereafter the sections were incubated with primary
antibody for MUC1 mucin (1:500 in dilution 1% BSA)
and for MUC4mucin (1:350 in dilution 1% BSA) for 1 h
at room temperature. MUC1 antibody [HFMG1
(aka1.10.F3)] (ab70475) and MUC4 antibody
(ab60720) mAbs were purchased from Abcam
(Cambridge, UK). Dilutions were prepared in REAL
Antibody Diluent (Dako).

After incubation, the sections were washed and
incubated with biotinylated secondary antibodies
(anti-mouse IgG) for 30min at room temperature. All
sections were then treatedwith AB complex for 30min.
The antibody complex was visualized using diamino-
benzidine (DAB; Sigma, St. Louis, MO) containing
0.5mg/mL PBS and 0.03% H2O2 and incubating for
5min. Then the sections were washed with distilled
water and counter-stained with Mayer’s hematoxylin
for 1min, washed, dehydrated, and mounted.

In negative controls, IgG of each respective species
was used instead of primary antibody. Human tongue
squamous cell carcinoma cells HSC-3 (JCRB 0623;
Osaka National Institute of Health Sciences, Osaka,
Japan) were used as positive controls for MUC1 and
MUC4 antibody staining.
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RESULTS

By SEM, MPL are a typical surface structure of the
superficial cells of the buccal mucosa. MPL are
spaced over the cell surface (Figure 1A). At a higher
magnification, some small protrusions (diameter
75 ± 21 nm) were visible on the surface of MPL
(Figure 1B). By TEM, the plasma membrane of MPL
is partly discontinuous and membrane-associated
molecules extruding from the plasma membrane
are visible (Figure 2). The height of those molecules
is about 15–20 nm.

By immunohistochemical microscopy, MUC1
expression was detected in the superficial part of the
buccal epithelium, while the basal part failed to react
(Figure 3A). MUC1 expression remained on the
luminal part and binding was intense along the

apical surface of the epithelium. MUC4 had no
expression in the oral squamous epithelium
(Figure 3B).

DISCUSSION

MPL architecture of superficial cells of the oral
epithelium provides the underlying basis for the
protective function of mucus. To test this hypothesis,
we examine the microstructure of the cell membrane
of the buccal epithelial cells. Membrane-associated
molecules extruding from the cell membrane
(Figures 1B and 2) are most probably MAMs,
especially MUC1 together with the membrane bind-
ing protein. Furthermore, the stratified squamous
epithelium of the buccal mucosa produces MUC1
mucin for the epithelium-saliva pellicle interface.

In the cornea, mucins are expressed on the tips of
the MPL forming a layer known as the glycocalyx
[3,5,15]. MAMs are characterized by a membrane-
spanning domain, a large extracellular domain, and a
short cytoplasmic tail [15]. However, the structure of

FIGURE 3. Immunohistochemical staining of the buccal
mucosa after incubation with anti-mucin antibodies. The
expression of MUC1 is seen in the intermediate and upper
part of the buccal epithelium, while the basal and suprabasal
layers are unstained (A; Bar = 50 mm). MUC4 shows no
expression in the oral squamous epithelium (B; Bar = 50mm).

FIGURE 1. Scanning electron micrograph of surface micro-
plicae (MPL) on the buccal epithelial cell (A; Bar = 10mm).
At higher magnification, small pits (arrows) are extruding from
the microplicae (B; Bar = 1mm).

FIGURE 2. The plasma membrane of microplicae is partly
discontinuous (arrows) and some membrane-associated mole-
cules extruding from the plasma membrane are visible
(Bar = 100 nm).
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MAMs associated to the oral mucosa may be different
from those of the cornea.

The minor salivary glands are suggested to play a
part in protecting the oral mucosa, because their
secretions are rich in mucins [12]. MUC1 has been
shown to be prominent in the mucosal pellicle of the
buccal mucosa [13]. MUC1 may help in the formation
of salivary pellicle over the surface of oral epithelia
and may promote direct contact with salivary mucins,
because MUC1 have the ability to create cross-links
with other salivary mucins and proteins [13,14].

There is conflicting results on the presence of
MUC1 in the oral epithelium [16,18–21]. MUC1 is one
of the most studied of the MAMs and more than 50
antibodies raised several MUC1-antigens have been
found [22]. In the present study, immunohistochem-
ical analyses of MUC1 epithelial membrane antigen
by HFMG1 antibody revealed that in the oral
epithelium. Despite washes of the specimens before
fixation, the expression of MUC1 is located in the
uppermost part of the epithelium of the buccal
mucosa, as found in some previous studies
[18,21,22]. Our study strongly indicate that MUC1
binding to the surface layer of the buccal mucosa is an
indigenous constituent of the underlying epithelium.
Our observation confirms the findings of Morzel et al.
[4], that the mucosal pellicle appeared as a mixed film
of both salivary and epithelial components.

In the retention of salivary mucosal pellicle, it is not
a question of salivary mucins only, because the oral
epithelium seems also to produce MUC1. This
observation again highlights the need for more
studies on epithelial mucin expression in oral biology.
Furthermore, their role in cell–pellicle interaction has
yet to be defined and there is clearly an urgent need to
understand their function in oral mucosal diseases.

The superficial surface of the epithelia together
with the epithelial mucins (MUC1) provides a
specialized interface between the saliva and the
epithelium that stabilizes the salivary pellicle. There
are some reports that indicated considerable concen-
trations of proteins adhered to the oral mucosa in
residual saliva [13,14] and multiple salivary compo-
nents adsorb to buccal epithelial cell surface during
mucosal pellicle formation [23]. The novel of the
present study is that the membrane-tethered mole-
cules seem to occur onto the epithelial cell membrane
of the buccal mucosa. However, the mechanisms
underlying mucus biogenesis and MPL structure of
the superficial epithelial cells are still obscure.

Future research focus includes studies on the cell–
pellicle interaction with special emphasis on expres-
sion of epithelial mucins and mucin binding proteins
of the oral mucosa. The hypothesis that drives our
research is that mucins play the vital role in
determining the physical properties of this physiolo-
gical and immunological barrier in oral health and
various diseases.
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Objectives: The microplicae is a typical structure of the epithelial cell surface of the

oral mucosa. The cell surface is potentially of great significance, as it provides the

underlying basis for the protective function of the salivary pellicle. The aim of this

study was to investigate whether radiation therapy affects the surface morphology

of the superficial cells of the human oral mucosa in patients who have received

radiotherapy for oral cancer.

Material and methods: Oral mucosal tissue samples from 91 patients were collected

during dental implant surgery or ablative surgery. Study group 1 consisted of 28

patients who underwent dental implant surgery after radiotherapy. Group 2 con-

sisted of five patients who developed osteoradionecrosis. Group 3 consisted of

eight oral cancer patients without radiotherapy. Group 4 consisted of 50 clinically

healthy subjects as controls. The samples were studied with scanning electron

microscopy and compared with both light and transmission electron micrographs.

Results: Radiation therapy (RT) induces breakage and destruction in the microplicae

morphology and declines the density of the microplicae surface structures. In some

of the irradiated cells, the microplicae were completely vanished, especially in

patients who developed osteoradionecrosis. In non-irradiated tissue, the microplicae

of the superficial epithelial cells were intact in all cases.

Conclusion: Scanning electron microscopy, in contrast to light microscopy, appears

to be a useful tool to reveal the condition of superficial oral mucosal cells. In

respect of the possible pathogenesis of osteoradionecrosis, the radiation-induced

damage of the microplicae and its influence on the mucosal salivary pellicle is dis-

cussed.
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microplicae, oral epithelium, radiotherapy, scanning electron microscopy, transmission electron

microscopy
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1 | INTRODUCTION

Radiation therapy (RT), with or without ablative surgery, is a com-

mon treatment modality for head and neck cancer (HNC).1

Despite the beneficial tumoricidal effects of irradiation, the sur-

rounding normal oral tissues including the oral mucosa and the

jaw bone are also affected by RT. Radiation injury in the head

and neck area can cause both short-term (acute) and long-term

(chronic) damage to the surrounding oral mucosa. Short-term

effects include pain, oedema and oral mucositis.2 Long-term

effects include chronic oedema, tissue atrophy, xerostomia, fibrosis

osteoradionecrosis3 and radiation-induced malignancies.4 Further-

more, RT is associated with higher rates of dental implant fail-

ure.5,6 According to Granstr€om, the dental implant failure rate is

also associated with an increased time period after RT.7 Not only

dental implant failure is more frequent, but also ORN is reported

to occur. The complication rate appears to be highly correlated

with radiation dose. Several publications reported radiation dose

levels of over 50 Gy to be significantly associated with dental

implant loss and ORN.7,8

The oral epithelium with its superficial layer mechanism, together

with saliva and its components, forms a structural complex, which

comprises the first line of defence in the oral cavity. This complex is

highly adapted to protect the deeper tissues (including bone) from

different damages and from entry of microorganisms and toxic

agents. The superficial cells of the oral lining mucosa are covered by

numerous membrane folds called microplicae (MPL), which provide

the underlying basis for the protective function of the salivary pelli-

cle.9,10 In the cornea, MPL functions are thought to be closely

related to the presence of glycocalyx on the cell surface,11,12 but the

lack of this structure has been linked to pathological changes in the

MPL structure.13

Oral mucosal surfaces with highly glycosylated proteins and with

saliva form a protective wall to hinder bacteria from entering the

epithelium, forming a so-called oral mucosal barrier complex together

with the cell surface MPL.14 In contrast, the destroyed MPL struc-

ture and glycocalyx of the superficial epithelial cells, caused by dif-

ferent oral mucosal diseases, may weaken this barrier and

subsequently promote bacterial invasion.

Several studies have suggested that the patterns of MPL on cell

surfaces can be used to obtain information on the condition of the

stratified squamous epithelium from which they originate. Pre-neo-

plastic cells of the cervix can be clearly distinguished from normal

epithelial cells.15,16 Furthermore, in oral mucosa, leukoplakia showing

various degrees of dysplasia revealed cell surfaces with irregular or

swollen MPL.17 It has also been thought that an abnormal MPL

structure in cells after RT may reflect disordered maturation associ-

ated with radiation injury.18-21 The cell surface with MPL structure is

potentially of great significance, as it harbours many markers for

refined prognosis and targets for oral mucosal diseases.22 Further-

more, radiation-induced deterioration of the MPL structure may per-

haps play a role in the pathogenesis of osteoradionecrosis (ORN) of

the jaw.

The rationale of this study is to assess the effect of ionizing radi-

ation on the oral mucosal cell microstructure in patients with and

without ORN. The results are described qualitatively and quantita-

tively.

2 | MATERIAL AND METHODS

2.1 | Subjects

Oral mucosal tissue specimens were collected from 91 patients, 86

patients who underwent dental implant surgery and 5 patients who

underwent surgical debridement because of osteoradionecrosis

(ORN). These 91 patients were divided into four study groups:

Group 1 consisted of 28 consecutive patients who underwent dental

implant surgery after RT. Of these 28 patients, 2 patients developed

ORN post-operatively. Radiation doses varied between 40 and

70 Gy.

Group 2 consisted of five consecutive patients who developed

ORN after tumour surgery and RT; these patients did not receive

dental implants. Group 3 consisted of eight consecutive oral cancer

patients, who were treated with ablative surgery without radiother-

apy. Group 4 consisted of 50 consecutive clinically healthy, non-irra-

diated subjects, who served as controls. The demographic data of

the four study groups are summarized in Table 1.

Permission for this study was given by the Medical Ethical Com-

mittee of the VU University Medical Center in Amsterdam (registra-

tion number: 2011/220). All patients signed a written informed

consent to participate in the study.

2.2 | Oral mucosal tissue biopsy

Oral mucosal tissue biopsy was obtained by scalpel. Specimens were

gently rinsed with saline solution to wash away overlying mucus and

fixed in 10% formalin. The specimens obtained were divided into

two pieces, one for light microscopy and the other for electron

microscopic investigations. For light microscopy, specimens were

TABLE 1 Demographic data and distribution of 91 patients in this

study

Patients
N = 91

Male/
Female

Age range
(mean age)

ORN
cases

Group 1

Irradiated with dental

implants

28 17/11 51-83 y (63.0 y) 2

Group 2

Osteoradionecrosis

(ORN), without dental

implants

5 4/1 51-84 y (72.3 y) 5

Group 3

Cancer patients

without irradiation

8 6/2 57-80 y (60.0 y) –

Group 4

Healthy control

patients

50 22/28 33-79 y (63.1 y) –
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dehydrated in graded ethanol and embedded in paraffin. Sections

(5 lm) were cut and stained routinely with haematoxylin-eosin (HE).

2.3 | Scanning electron microscopy (SEM)

For scanning electron microscopy, the specimens were post-fixed for

2 hours in 2% osmium tetroxide. The fixed specimens were dried

using ascending series of ethanol concentrations followed by critical

point drying, covered with few microns thick gold using a sputter

coater Polaron E 5100 (Polaron Equipment Ltd, England). The speci-

mens were examined using Zeiss Sigma HD VP scanning electron

microscope at 15 kV.

Ten to fifteen random areas were selected from each SEM speci-

men and photographed at magnifications 50009 and 90009. The

surface morphology of 10-18 superficial cells was investigated, and

the MPL architecture was calculated. Secondly, digital images were

analysed using ImageJ analysis software (W Rasband, National Insti-

tutes of Health, Bethesda, MD, USA http://rsb.info.nih.gov/ij/) as

described previously23: the density of MPL was counted in

5 9 5 lm area in cells, and the results were presented in terms of

percentages (Figure 1). Student’s t test for paired samples was car-

ried out in irradiated versus non-irradiated tissue samples. Statistical

significance was set at P < .05.

2.4 | Transmission electron microscopy (TEM)

The specimens were post-fixed in 2% osmium tetroxide with cacody-

late buffer solution at 4°C for two hours. After rinsing with cacody-

late buffer solution, the specimens were dehydrated in graded

ethanol and embedded in epoxy resin. Semithin sections were pre-

pared with ultramicrotome, stained with 1% toluidine blue and

examined with a light microscope. Thin sections were made with an

ultramicrotome and stained with uranyl acetate. Observation was

conducted with JEOL JEM-2100F transmission electron microscope

equipped with a digital camera (Olympus-SIS, M€unster, Germany).

The microstructures of oral epithelial cells using SEM were corre-

lated with those examined by TEM.

3 | RESULTS

In Table 2, the findings of the MPL structure in the oral mucosal tis-

sue specimens by SEM, TEM and light microscopy (LM) are

described.

On light microscopy, the epithelia of all specimens demonstrated

a stratified squamous epithelium without any evidence of dysplasia

(Figure 2A,F).

On SEM examination, the surface structure of superficial cells of

the healthy oral mucosa was smooth and showed a cellular mosaic

with conspicuous cell boundaries at low magnification (Figure 2B).

At higher magnification, the surface structure of the superficial cells

contained parallel MPL or branching MPL, which were equally

spaced over the cell surface (Figure 2C). With TEM, the superficial

cells contained microvillus structure (Figure 2D,E), but SEM revealed

that they were in fact ridges.

On light microscopy examination of the irradiated oral mucosa,

the stratified squamous epithelia looked like controls, but exhibited

mild nuclear hyperchromatism (Figure 2F). In irradiated oral epithe-

lium, regional variation in cell surface microstructure was visible

using SEM: discontinuous and short MPL was typical (Figures 2G,H;

3A). Described from TEM micrographs, the surface of superficial

epithelial cells was bearing short microvilli or a few papillae and only

few microvillous projections were present on the cell surface (Fig-

ures 2I,J; 3B). Also, superficial epithelial cells containing small vesi-

cles were visible with TEM (Figures 2I,J; 3B).

In all cases of ORN, the MPL structure of superficial cells devoid

totally and plasma membranes were destroyed completely (Fig-

ure 3C-H). In irradiated mucosa, superficial epithelial cells contain

F IGURE 1 The process to obtaining microplicae (MPL) density.

(A) Original image (90009; Bar = 2 lm) and (B) detailed view of a
studied area (5 9 5 lm). (C) With data from thresholded image, the
density of the MPL was defined as a percentage of pixels in the

studied cell area

TABLE 2 Descriptive findings of the MPL structure in oral
mucosal specimens by means of SEM, TEM and LM

SEM TEM Light microscopy

Controls • Healthy,

evenly dis-

tributed MPL

• Tight cell

boundaries

• Healthy,

evenly dis-

tributed

microvilli

• Tight inter-

digitations

• Normal epithelial

layers and degree

of keratinization

Irradiated • Irregular/non-

existent MPL

morphology

• Thickened cell

boundaries

• Secretory

vesicles

• Total destruc-

tion of cell

membranes

• Irregular

microvilli

• Increased

intercellular

spaces

• Broken

desmosomes

• Secretory

vesicles

• Epithelial appear-

ance quite normal

• Enlarged cell nuclei

and cell cytoplasm

LM, light microscopy; MPL, microplicae; SEM, scanning electron micro-

scopy; TEM, transmission electron microscopy.
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small vesicles were visible with SEM and TEM (Figure 3B,D-H), and

in ORN cases, they often open to the oral cavity (Figure 3F-H). Of

the non-irradiated oral cancer patients (study group 3), only few

epithelial cells (18%) showed abnormal MPL regarding the size, num-

ber and density (Table 3).

The MPL density of superficial epithelial cells of irradiated

mucosa compared to controls showed a statistically significant differ-

ence (P = .0276). In addition, it was noticed that the boundaries of

the squamous cells are marked by juxtaposed were destroyed (Fig-

ures 2H; 3). In Table 3, the findings in the four study groups are

summarized.

4 | DISCUSSION

In the present study, irradiated human oral mucosa was investi-

gated by light and both transmission and scanning electron micro-

scopies. The microstructure of oral epithelium in cancer patients

with RT is described and compared with healthy control subjects.

In addition, cancer patients without RT were an other relevant

control group. The irradiation induced damages in different epithe-

lial layers, cell-to-cell contact and the cell surface microstructure.

At SEM level, we found that structural abnormalities of the MPL,

such as being shortened, broken and even missing, were frequent

findings in the tissue samples from irradiated patients, but not in

those from healthy subjects. Such structural abnormalities seem to

be caused by the concept of epithelial homoeostasis in the deeper

layers.

As mentioned in the introduction, in several publications, it is

stated that dental implant failure and ORN are associated with

higher radiation doses.7,8 The results of this study show a similar

finding. However, it must be emphasized that biopsies taken in these

cases might be not exactly in the focus of the former radiated field.

Therefore, the radiation effect on the MPL seen in SEM could be

more favourable than the reality (Table 3).

Because irradiation has a direct effect on the tissue matrix, the

changes in the microstructure of the oral epithelium may lead to

reduce the ability of the tissue to heal and resist infection.

(A)

(B)

(D)

(C)

(E)

(G)

(F)

(I)

(H)

(J)

F IGURE 2 (A) Control specimens examined with light microscopy (LM) showed the squamous cell epithelia without any evidence of
dysplasia or inflammation. (B) Scanning electron microscopy (SEM) view of the surface of the oral mucosal cells showing cellular mosaic with

cell boundaries (arrow) (Orig. mag. 50009; Bar = 10 lm). (C) At higher magnification, the decoration of cell surface contains parallel or
branching microplicae (MPL) (Orig.mag. 92009; Bar = 5 lm). (D) Thin section through uppermost squamous epithelial cells shows regular
microvillous projections (TEM view. Orig.mag. 60009; Bar = 2 lm) and (E) ordinary cell-to-cell contact (Orig. mag. 120009; Bar = 1 lm). (F)

Irradiated mucosa (55 Gy), the oral epithelium shows hyperchromatism. (G) Microplicae appear irregular microvilli or pits on the free surface of
the superficial cells in irradiated oral mucosa (SEM, Orig. mag. 50009; Bar = 10 lm). (H) At higher magnification, cell boundaries are not
clearly visible (Orig.mag. 92009; Bar = 5 lm). (I) Transmission electron microscopy (TEM) shows invaginations of the plasma membrane of the

superficial epithelial cell and some vesicles (arrow) in irradiated oral mucosa (Orig.mag. 92009; Bar = 5 lm). (J) Small vesicles are visible in
superficial cells of the irradiated mucosa (arrow)
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This electron microscopic study demonstrates radiation-induced

changes of the oral mucosal cells on the microstructural level. The

MPL structure of superficial epithelial cells was changed in all

patients with irradiated oral mucosa. In all ORN patients, the MPL

were completely destroyed.

Several disorders are known to affect the oral mucosa and can-

not readily be recognized by conventional histological methods. The

scanning electron microscopy (SEM) permits a resolution that is

higher than that of the conventional light microscope. Moreover,

SEM enables imaging of the cell structures three-dimensionally with

a large depth of field thus revealing the real complex structure of

MPL. Therefore, SEM may elucidate the changes that are initially

observed by light microscopy, and may examine the surface changes

of oral epithelia. SEM is a feasible technique, because it provides

direct information on the overall three-dimensional organization of

the specimen examined. The findings with TEM and SEM offer the

opportunity to re-evaluate the classical histopathology of the oral

mucosa and oral mucosal diseases. In the present study, we com-

pared the SEM findings with TEM to better understand the changes

observed with SEM.

With SEM, the clinically healthy mucosa presented typical paral-

lel and branching MPL structure, which correlate with findings of

previous studies.23,24

The surface of superficial epithelial cells was described from

transmission electron micrographs as bearing short microvilli, but

scanning electron microscopy reveals that they were in fact ridges or

plications.

The oral mucosa is quite similar to other mucous membranes in

the human body. Until now, MPL of the superficial epithelial cells of

the oral mucosa are thought to be non-functional remnants, but sev-

eral functions have been attributed to these characteristic structures.

The cells have their wet mucin coat. The MPL structure together

with mucosal salivary pellicle provides protection as a defensive sys-

tem, which is essential in retaining the residual saliva.9,10,14 In some

studies, the interaction between the MPL structure and the mucins

is shown: mucins are expressed on the tips of the MPL of the

epithelial cells.10,25 From this observation, some relationships

between the saliva and the surface microplicae of cells have become

apparent. Thus, various salivary components together with MPL

structure at the surface of the oral mucosa constitute a complex

protective barrier that must be breached by invading organisms

before inflammation or infection ensue. In the future, this complex

system must be taken into account in planning topical drugs for pre-

vention or management of the radiation-induced mucositis and

xerostomia.

Another topic of high interest in future research are the

microvesicles that are released to the mouth. To find salivary

biomarkers for mucositis, those superficial cells with vesicles release

metabolites typical for the radiation-induced mucositis. In the future,

metabolomic analyses of the saliva or oral mucosal biofilm could be

useful for identifying specific markers after RT, because metabolo-

mics is essential to clarify cellular function.26

As already stated, irradiation limits proliferative ability so that

the overlying epithelium becomes ulcerated.2 In this study, however,

the widening of intercellular spaces is prominent also in clinically

healthy mucosa after RT. When intercellular spaces are increased

and desmosomes are broken, the epithelial cells lose their normal

vitality. The widening of intercellular spaces may be associated with

(A) (B)

(C) (D)

(E) (F)

(G) (H)

F IGURE 3 Panel of scanning and transmission electron

microscopic views of superficial cells of irradiated oral mucosa. (A)
Scanning electron microscopy (SEM) views of irradiated oral mucosa
(66 Gy), the superficial cells avoid microplicae (MPL) structure

(arrow) or they contain knob-like structures (arrowhead) (Orig. mag.
50009; Bar=10 lm). (B) Corresponding TEM view shows irregular
microvillus and many small vesicles (arrow) inside the uppermost
cells (Orig. mag. 90009; Bar = 5 lm). (C) In all Osteoradionecrosis

(ORN) patients and in the patients who has lost implants, the cell
membrane of superficial cells is destroyed (Orig.mag. 20009;
Bar = 10 lm). (D) TEM shows that intercellular space is wide and

the desmosomes are destroyed (arrow), furthermore the destruction
of cell membrane as seen also SEM view (arrowhead)(Orig. mag.
60009; Bar = 10 lm). (E-H) Electron microscopic view of superficial

cells in irradiated oral mucosa of a patient with ORN (70 Gy).
Superficial cells contain small microvesicles, which open to the cell
surface (arrows). (C, D) Cell boundaries are broken (arrowheads)
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inflammation and cell adhesion. These spaces may create a defective

permeability barrier because the permeability barrier in non-kerati-

nized epithelium consists of groups of lipid lamellae located in the

intercellular spaces of the superficial epithelial layer.27

Cells communicate with the surrounding extracellular matrix

(ECM) through cell surface molecules.22 Therefore, peri-cellular

degradation of the ECM directly influences the physiology of the

cells.

During cellular responses to pathologic cues, for example irradia-

tion, cell surface proteins and receptors are activated or removed by

proteolysis.28,29 So, future studies to determine the role of MPL

structure in the cytoplasmic signalling will yield basic information not

only to irradiated epithelium, but also to other pathological condi-

tions of oral mucosa. Focus on the molecules in oral surface biology

is a new avenue to investigate mucosal diseases.

In view of our observations, the MPL structure seems to give

information about cell fate specification, cell death and perhaps

about tissue repair. Activation of cell surface proteolysis can mediate

rapid and irreversible responses to changes in the cellular

microstructure. The MPL structure can be used as a “marker” of the

viability of epithelial cells, and the destroyed MPL structure may be

the first critical step towards cell death.

The novelty of this study is that it provides the ultrastructural

changes that occurs in the irradiated oral epithelium. In our previous

study of a canine model,21 we observed surface alterations in super-

ficial epithelial cells of the oral mucosa. The severe destruction of

MPL in the five cases of ORN was significantly worse compared

with the other study groups, which poses the question whether the

destruction of the MPL plays an important role in the pathogenesis

of ORN. Possibly the absence of the MPL means such a large

damage to the defence mechanism of the jaw bone covering

mucosa, that it may ultimately lead to ORN.

Thus, the irregular or absent MPL structure seen in this human

oral mucosa after RT may have diagnostic importance and can per-

haps also be used as an indicator for the development of ORN. The

present study may serve as a valuable tool in detection of the condi-

tion of the oral mucosa and may also be a tool for routine follow-up

in risk patients for progression of mucositis or other complications

related to the oral mucosa and jaw bone (eg peri-implantitis, dental

implant failure and ORN) after RT.

Limiting dose and dose rate of irradiation are the primary ways

to prevent complications related to the oral mucosa. Additional

treatment can be the use of saliva replacements and local analgesics

for pain reduction. A challenge in planning topical agents for the oral

cavity is the need for adhesion to the moist oral mucosa. Therefore,

developing bio-adhesive gels by optimizing the retention time of the

drugs is of importance.

In the future, patient selection for dental implant surgery

might be based upon the results of EM investigation, in order to

prevent dental implant failure and ORN in cases of severe MPL

damage due to irradiation. Therefore, additional studies on the

surface MPL of the oral mucosal cells and their function(s) are

essential.
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Study group 1
28 irradiated
cancer patients
with implants
N = 364 cells

Study group 2
5 irradiated can-
cer patients with
ORN
N = 56 cells

Study group 3
8 non-irradiated
cancer patients
N = 96 CELLS

Study group 4
50 healthy con-
trol patients
N = 500 CELLS

Parallel and

branching MPL

17% – 82% 100%

Irregular, short or

discontinuous

MPL

71% – 13% –

Absent MPL 11% 100% 5% –

MPL Density

(%/25 lm2)

28.18 � 11.53* – 40.28 � 12.39 43.55 � 10.82

Vesicles 80% 93% 10% –

Broken

desmosomes

82% 100% – –

Cell destruction 9% 100% – –

MPL, microplicae.

%/counted cells.

MPL density = % of cell surface.

*significant: P < .05.

TABLE 3 Specific findings in the four
study groups: group 1 (irradiated patients
with dental implants including two case of

ORN), group 2 (irradiated patients without
implants with ORN), group 3 (non-irradiated
cancer patients) and group 4 (healthy control

patients)
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In Chapter 1 a general introduction on the topics addressed in this thesis, a brief summary on 
previous introductory studies, and an outline of this thesis are given. The general aim of this 
thesis is to investigate the effects of irradiation on the oral tissues, more specifically on the 
oral mucosa. In this respect the microstructure of the superficial cells of the oral mucosa are 
investigated. The irradiation-induced changes of the MPL structure in a canine model and in 
human subjects are described. 

In Chapter 2 a review of the literature on the microplicae (MPL) structure and its function was 
conducted in order to form the basis for the studies described in this thesis. The correlation 
between the MPL structure of oral epithelial cells and the salivary layer is hypothesized. 
The surface structure of the superficial cells of the oral mucosa is decorated with numerous 
membrane ridges, termed MPL. The MPL structure is typical of the epithelial cell surfaces 
that are covered with protective mucus. The interaction between MPL and the mucins has 
been demonstrated. However, the role of the MPL structure seen on the outer surface of the 
oral epithelial cells is speculative. 

In Chapter 3 a study on the defence mechanism of the superficial epithelial cells is presented. 
The surface of superficial cells of the oral epithelium contains ridge-like folds, the so-called 
MPL, which are typical of the surfaces of areas covered with protective mucus. The salivary 
mucus gel is part of a protective diffusion membrane against harmful substances. This 
membrane is built up with epithelial cells covered by a highly hydrated and viscous gel, 
where mucins constitute the scaffold. The salivary mucous barrier is required to protect the 
superficial cells. The MPL structure together with membrane anchored mucin binding protein 
(MBP) forms the basis for this mucous barrier.
 
In Chapter 4 the results of scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) on oral mucosal specimens from 32 healthy patients are described 
in order to classify different morphology patterns of the superficial oral mucosal cells 
in different locations of the oral cavity. Three main surface patterns of the oral mucosal 
epithelial cells could be recognised, namely parallel, branched and pitted appearance.  
 
It is concluded from this study that the MPL structure is a determining factor for the 
functionality of the oral epithelium. A systemic analysis could be used to describe different 
disorders of the oral mucosa and to discriminate progressive stages of pathological processes. 
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In Chapter 5 the radiation-induced changes in the superficial cells of the oral mucosa in 
an experimental study in ten Beagle dogs are described. In particular, the morphological 
characteristics of the cell surface structure after radiotherapy (RT) are described. With 
radiation doses of 40 and 50 Gy, discontinuous and short MPL were the typical cell structures 
in irradiated oral mucosa. In the 50 Gy study group the surface structure of the epithelial cells 
was pitted. It is concluded from this study that irradiation disrupts superficial cells of the oral 
mucosa. The role of the MPL structure of the superficial cells in the development of mucositis 
is discussed.

In Chapter 6 the results of a light and transmission electron microscopic study on oral mucosal 
specimens from 6 healthy patients are presented. The ultrastructural morphology of the cell 
membrane of superficial cells of the oral mucosa and the membrane-associated mucins 
(MAMs), MUC1 and MUC4, are described. The novelty of this study is that the membrane-
tethered molecules seem to occur onto the cell membrane of the superficial epithelial 
cells of the oral mucosa. Furthermore, the stratified squamous epithelium of the buccal 
mucosa produce MUC1 for the surface-saliva pellicle interface. The interaction between MPL 
structure, MUC1 mucin and salivary mucosal pellicle is discussed.

In Chapter 7 the effects of ionizing radiation on the cell microstructure of the human 
oral mucosa are described. Tissue samples from 91 patients were collected during dental 
implant surgery or ablative surgery. These 91 patients were divided in 4 subgroups. 
Group 1 consisted of 28  patients  who underwent dental implant surgery after RT. Of 
these 28 patients, two patients developed osteoradionecrosis (ORN) postoperatively. 
Group 2 consisted of five patients who developed ORN after tumor surgery and 
postoperative radiotherapy; they did not receive dental implants. Group 3 consisted of 
eight oral cancer patients, who underwent ablative surgery without radiotherapy. Group 
4 consisted of 50 clinically healthy, non-irradiated subjects, who served as controls.  
The samples were studied with SEM and quantitative pixel region analysis was performed 
with the ImageJ image analysis software. Radiation therapy induced breakage and 
destruction in the MPL morphology and decreased the density of the MPL surface structures 
of superficial oral epithelial cells. In some of the irradiated cells the MPL were completely 
vanished, especially in patients who developed ORN. In non-irradiated tissue the MPL of the 
superficial epithelial cells were intact in all cases (non-irradiated oral cancer patients and 
healthy controls).
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Conclusions, considerations and directives for future research

A topic addressed in the introduction, but not investigated in this thesis, is:  what is the 
cause of dental implant failure in irradiated cases after several years of proper function? In 
future studies it could possibly be hypothesized that the oral epithelial cells lose their MPL 
in a progressive way and consequently lose their pellicle, eventually leading to a deficient 
defence system. It could then be a matter of time before the peri-implant defence system 
gives up. When the blood supply of bone and covering soft-tissues has been damaged by 
former radiation, the bacterial “attack” cannot be properly managed and the infection may 
proceed along the transmucosal part of the dental implant. The next phase will most likely be 
implant loss and possibly osteomyelitis (ORN). It is unclear why some irradiated patients suffer 
from dental implant loss or ORN and others do not. The cell morphology of the superficial 
oral mucosa, specifically the absence of MPL, might be the clue to predict possible problems 
or safe conditions for future dental implant indications.

Another question that can be raised, is whether irradiated oral mucosal cells are capable 
of regeneration. Can superficial epithelial cells that are damaged or lost their MPL in time, 
be replaced by new (healthier) cells that do show a normal MPL structure again? This does 
not seem to be the case, since dental implant failures usually occur several years (4-5 years) 
after implant surgery. One could ask whether replacing the irradiated mandibular mucosa 
surrounding of (future) dental implants by keratinized mucosa from the palate (which should 
be far less irradiated than the mandibular mucosa) could be an advantageous surgical 
procedure, delivering mucosal epithelial cells with a normal surface morphology (with intact 
MPL). Furthermore, would a damaged surrounding mucosal bed influence negatively the 
transplanted healthy epithelium and make it degenerate the MPL structure as well?
An important result from the studies described in this thesis is that the superficial oral 
epithelial cells show deterioration of the MPL structure after RT. The degree of damage to 
the MPL structure depends on the irradiation dose and may define the risk of dental implant 
loss and the occurrence of ORN. Pre-implant diagnosis might include a mucosal biopsy for 
decision-making whether dental implants can be predictably placed or not.
Future research could cover the potential clinical significance of the MPL-glycocalyx/mucin 
complex in elucidating the pathogenesis in poorly understood oral disorders, such as dry 
mouth syndrome, Sjögren’s disease (mismatch of tear/salivary flow and perceived dryness), 
burning mouth syndrome and radiotherapy-related complications (dry mouth complaints in 
RT-patients that are also seen in relatively normal salivary flow), radiation caries, radiation-
induced periodontitis and ORN.
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In Hoofdstuk 1 wordt een inleiding over het onderwerp van dit proefschrift gegeven, 
evenals een samenvatting van eerder uitgevoerd onderzoek en een overzicht van de in deze 
dissertatie beschreven onderzoeken, waarin de effecten van bestraling op de orale weefsels 
zijn beschreven. In het bijzonder zijn de effecten op de oppervlakkig gelegen epitheelcellen 
van de orale mucosa onderzocht. De radiatie-geïnduceerde veranderingen van de microplicae 
(MPL)-structuur worden aan de hand van dierexperimenteel en humaan onderzoek nader 
beschreven.

In Hoofdstuk 2 wordt een literatuuronderzoek naar de MPL-structuur en haar mogelijke 
functie(s) beschreven als basis voor het onderzoek zoals beschreven in dit proefschrift. 
De relatie tussen de MPL van de orale epitheelcel en speekselcomponenten wordt nader 
uiteengezet. De oppervlaktestructuur van de oppervlakkig gelegen orale epitheelcel 
bestaat uit talloze ribbels, microplicae genaamd. Deze MPL-structuur is kenmerkend voor 
het epitheelceloppervlak, dat bedekt is met een beschermende laag speeksel. De interactie 
tussen de MPL en de mucines wordt aangetoond. De functie(s) van de MPL-structuur blijft 
(blijven) echter speculatief. 

In Hoofdsuk 3 wordt het verdedigingsmechanisme van de oppervlakkig gelegen orale 
epitheelcellen beschreven. De oppervlakte van deze cellen bestaat uit plooi-achtige 
structuren, de zogenaamde MPL, die kenmerkend zijn voor de gebieden die met 
beschermende mucines zijn bedekt. De speekselgel vormt een deel van een beschermende 
laag tegen schadelijke invloeden. Deze laag is opgebouwd uit epitheelcellen, die weer bedekt 
zijn met een vochthoudende viskeuze gel, bestaande uit een netwerk van van mucines. 
Deze speekselbarrière is noodzakelijk voor bescherming van de oppervlakkig gelegen 
epitheelcellen. De MPL-structuur, tezamen met het Mucine Binding Protein (MBP) vormt de 
basis voor deze slijmbarrière.

In Hoofdsuk 4 worden de resultaten van scanning electronenmicroscopie (SEM) en 
transmissie electronenmicroscopie (TEM) van orale mucosabiopten van 32 gezonde 
proefpersonen beschreven, teneinde de verschillende morfologische patronen van de diverse 
orale locaties vast te stellen. Er worden drie hoofdpatronen gezien, namelijk parallel, vertakt 
en puntvormig. Er wordt geconcludeerd dat de MPL-structuur essentieel is voor de functie 
van het orale epitheel. Een systematische analyse zou de diverse aandoeningen van de orale 
mucosa kunnen beschrijven en tevens de verschillende fasen van pathologische processen 
kunnen differentiëren. 
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In Hoofdstuk 5 wordt door bestraling geïnduceerde veranderingen van de oppervlakkig 
gelegen orale epitheelcellen in een experimentele studie in Beagle honden beschreven. In het 
bijzonder wordt aandacht besteed aan de morfologische eigenschappen van de celoppervlakte 
na radiotherapie (RT). Na bestraling met doses van 40 en 50 Gy, worden onderbroken en korte 
MPL als kenmerkende structuren van de bestraalde epitheelcellen gezien. In de 50 Gy groep 
werd de oppervlakte van de epitheelcel als puntvormig beschreven. Er werd geconcludeerd 
dat bestraling de oppervlakkig gelegen orale epitheelcellen beschadigt. De rol van de MPL in 
verband met het ontstaan van mucositis wordt in de discussie besproken.

In Hoofdstuk 6 worden de resultaten van lichtmicroscopisch onderzoek en transmissie 
elektronenmicroscopie (TEM) van orale mucosabiopten van 6 gezonde patiënten beschreven. 
De morfologische ultrastructuur van de oppervlakkige celmembraan en de membraan-
gebonden mucines (MAMs), MUC1 en MUC4 worden nader uiteengezet. Nieuw in dit 
verband is, dat in deze studie wordt aangetoond dat zich aan de oppervlakte van oppervlakkig 
gelegen orale mucosacellen zich membraan-gebonden moleculen bevinden. Verder wordt 
door plaveiselcelepitheel van de orale mucosa MUC1 geproduceerd als verbindingsstructuur 
met de speeksellaag. De interactie tussen de MPL-structuur, MUC1 en de speeksellaag wordt 
in de discussie besproken. 

In Hoofdstuk 7 worden de effecten van ioniserende straling op de microstructuur van humane 
orale mucosacellen beschreven. Weefselbiopten van 91 patiënten werden onderzocht. Deze 
91 patiënten werden ingedeeld in 4 groepen. Groep 1 bestond uit 28 tumorpatiënten die 
dentale implantaten kregen na RT. Van deze 28 patiënten ontwikkelden twee patiënten een 
osteoradionecrose (ORN) in de onderkaak. Groep 2 bestond uit 5 tumorpatiënten, die een 
ORN ontwikkelden na RT (deze patiënten kregen geen dentale implantaten). Groep 3 bestond 
uit 8 tumorpatiënten die wel tumorchirurgie ondergingen maar geen RT. Groep 4 bestond 
uit 50 klinisch gezonde patiënten, die als controlegroep fungeerden. De biopten werden 
door middel van SEM en kwantitatieve pixel regio analyse onderzocht met ImageJ image 
analyse software. Radiotherapie veroorzaakte breuk en destructie van de MPL-morfologie 
en verminderde densiteit van de MPL oppervlaktestructuur van de oppervlakkig gelegen 
epitheelcellen. In enkele gevallen was de MPL-structuur geheel verdwenen, met name bij 
patiënten met ORN (groep 2). In de niet-bestraalde weefsels was de MPL-structuur van de 
oppervlakkige epitheelcellen in alle gevallen (zowel niet-bestraalde tumor patiënten als 
gezonde proefpersonen) intact.
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Conclusies, overwegingen en aanbevelingen voor toekomstig onderzoek

Een onderwerp dat in de introductie ter sprake komt, maar in dit proefschrift niet werd 
onderzocht, is de vraag: wat is de reden dat dentale implantaten in een bestraalde kaak vaak 
na een aantal jaren van goed functioneren, uiteindelijk toch falen. In toekomstige studies 
zou de hypothese kunnen zijn, dat de orale epitheelcel (rondom het geplaatste implantaat) 
zijn MPL-structuur op progressieve wijze verliest en daarmee de beschermende slijmlaag, 
uiteindelijk leidend tot een insufficiënt verdedigingssysteem. Het is dan een kwestie van tijd 
voordat het peri-implantaire verdedigingsmechanisme het begeeft. Als de bloedvoorziening 
van het kaakbot en de bedekkende mucosa beschadigd is door de bestraling, kan een 
bacteriële aanval niet meer worden afgeslagen en schrijdt de infectie transmucosaal, langs 
het dentale implantaat voort. De volgende fase is dan logischerwijs het verlies van het 
betreffende implantaat en zelfs osteomyelitis (ORN). Het is niet duidelijk waarom sommige 
bestraalde patiënten hun implantaten verliezen of ORN ontwikkelen en anderen niet. De 
celmorfologie van de oppervlakkige orale mucosa, bij afwezigheid van een gezonde MPL-
structuur, zou de sleutel kunnen zijn om mogelijke problemen te voorspellen of ongunstige 
lokale omstandigheden voor het plaatsen van dentale implantaten aan te merken.  
Een andere vraag is of bestraalde orale mucosacellen de capaciteit hebben om te regenereren. 
Kunnen oppervlakkige epitheelcellen, die beschadigd zijn of hun MPL-structuur verloren 
hebben in de loop van de tijd vervangen worden door (gezonde) cellen met een normale 
MPL-structuur? Dit lijkt overigens niet het geval te zijn, gelet op het implantaatfalen dat vaak 
na 4 tot 5 jaar optreedt. Men kan zich in dit verband afvragen of het vervangen van bestraalde 
mandibulaire peri-implantaire mucosa door gekeratiniseerde mucosa van het palatum, dat 
doorgaans minder bestraling heeft ontvangen en daarmee gezondere cellen met een normale 
oppervlaktemorfologie (inclusief intacte MPL-structuur) heeft, een gunstige procedure zou 
kunnen zijn. Of zou het door bestraling beschadigde omgevende weefselbed dermate negatief 
beïnvloeden dat de MPL-structuur van het palatummucosatransplantaat ook degenereert?  
Een belangrijk resultaat van het onderzoek, zoals beschreven in dit proefschrift, 
is dat de oppervlakkig gelegen orale epitheelcel na bestraling degeneratie van de 
MPL-structuur vertoont. De mate van schade aan de MPL-structuur hangt af van de 
bestralingsdosis en kan mogelijk het risico op dentaal implantaatverlies of het optreden 
van ORN verhogen. Pre-implantaire diagnostiek zou mogelijk dor middel van een 
mucosabiopsie kunnen leiden tot het beslissen dentaal implantaten te plaatsen of niet. 
Toekomstig onderzoek betreffende de klinische betekenis van het MPL-glycocalyx/mucin-
complex zou meer over de pathogenese van slecht begrepen aandoeningen als het “dry 
mouth syndrome”, Sjögrens disease (discrepantie tussen traan/speekselvloed en subjectieve 
droogheid), “burning mouth syndrome” en radiotherapie-gerelateerde complicaties 
(droge mondklachten bij bestraalde patiënten met een relatief normale speekselvloed), 
bestralingscaries, bestralingsparodontitis en ORN kunnen ophelderen.





10
Yhteenveto ja päätelmät



CHAPTER 10

82



YHTEENVETO JA PÄÄTELMÄT

83

Ch
ap

te
r 1

0

Luku 1 sisältää yleisen johdannon väitöskirjassa käsiteltyihin teemoihin, lyhyen yhteenvedon 
aiemmista alustavista tutkimuksista sekä väitöskirjan pääpiirteiden esittelyn.

Luvussa 2 esitetään kirjallisuuskatsaus solun pinnan mikropoimurakenteesta (mikroplika, MPL) 
ja sen funktiosta. Katsaus muodostaa perustan tässä väitöskirjassa kuvattuihin tutkimuksiin. 
Suun limakalvon pintasoluja peittävät lukuisat poimut, joista käytetään lyhennettä MPL. 
MPL-rakenne on tyypillinen suojaavan liman peittämille epiteelisolujen pinnoille. MPL:n ja 
musiinien välinen interaktio on todistettu, kun taas suun epiteelisolujen ulkopinnalla näkyvän 
MPL-rakenteen rooli on spekulaatioiden alainen. 

Luku 3 esittää tutkimuksen pintaepiteelisolujen puolustusmekanismista. Hypoteesina 
esitetään, että suun epiteelisolujen MPL-rakenne ja sylki korreloivat keskenään. Syljen 
muodostama limageeli kuuluu osana kalvoon, joka suojaa alla olevia kudoksia mikrobeilta 
ja haitallisilta aineilta. Tämä kalvo koostuu epiteelisoluista ja viskoosisesta limasta eli 
sylkipellikkelistä, joka koostuu pääasiassa musiineista. Tämän limaesteen perustan muodostaa 
MPL-rakenne yhdessä kalvoon kiinnittyvän, musiinia sitovan proteiinin (MBP) kanssa.
 
Luvussa 4 kuvataan suun limakalvon näytteitä pyyhkäisyelektronimikroskopialla (SEM) ja 
läpäisyelektronimikroskopialla (TEM). Tarkoituksena oli luokitella suun limakalvon pintasolujen 
erilaiset morfologiset mallit, joita esiintyy suuontelon eri kohdissa. Tutkimuksessa tunnistettiin 
kolme keskeistä suun limakalvon epiteelisolujen MPL-rakennetta: yhdensuuntaiset, 
haaroittunut ja rosoutunut. Tutkimuksen mukaan MPL-rakenne näyttäisi olevan ratkaiseva 
tekijä suun epiteelin toimivuudelle. MPL-rakenteen avulla voitaisiin kuvailla suun limakalvon 
erilaisia häiriöitä ja erottaa patologisten prosessien etenemisvaiheita. 

Luvussa 5 kuvaillaan säteilyn aiheuttamia muutoksia, jotka havaittiin kokeellisessa 
tutkimuksessa kymmenen beagle-rotuisen koiran suun limakalvon pintasoluissa. Erityisesti 
kuvaillaan solujen pintarakenteen morfologisia ominaispiirteitä sädehoidon jälkeen. 
Käytettäessä säteilyannoksia 40 ja 50 Gy:tä olivat säteilytettyjen suun limakalvojen tyypillisinä 
solurakenteina katkonaiset ja lyhyet MPL. Tutkimusryhmässä, jonka säteilyannos oli 50 
Gy:tä, epiteelisolujen pintarakenne oli rosoutunut tai tuhoutunut kokonaan. Tutkimuksen 
mukaan säteilytys rikkoo suun limakalvon pintasolun mikrorakennetta. Luvussa tarkastellaan 
pintasolujen MPL-rakenteen roolia mukosiitin kehittymisessä.
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Luku 6 esittää tulokset tutkimuksesta, jossa kuuden terveen potilaan suun limakalvonäytteitä 
tutkittiin valo- ja läpäisyelektronimikroskopian avulla. Solukalvoihin kiinnittyvien musiinien, 
MUC1 ja MUC4, esiintymistä suun epiteelissä tutkittiin immunohistokemiallisin menetelmin. 
Tämän tutkimuksen tärkein havainto on se, että kalvoon kiinnittyvät molekyylit näyttävät 
esiintyvän suun limakalvon pintaepiteelisolujen solukalvolla. Havaittiin myös, että posken 
limakalvon kerrostunut levyepiteeli tuottaa MUC1:tä pinnan ja sylkikalvon väliselle 
rajapinnalle. Luvussa pohditaan MPL-rakenteen, MUC1-musiinin ja sylkipellikkelin välistä 
vuorovaikutusta.

Luvussa 7 kuvaillaan ionisoivan säteilyn vaikutuksia ihmisen suun limakalvon solujen 
mikrorakenteeseen. Kudosnäytteitä kerättiin 91:ltä potilaalta hammasimplanttikirurgian tai 
hampaanpoistokirurgian yhteydessä. Nämä 91 potilasta jaettiin neljään alaryhmään. Ryhmä 
1 käsitti 28  potilasta, jotka kävivät hammasimplanttikirurgiassa saatuaan sädehoitoa. Näistä 
28:sta potilaasta kaksi sai leikkauksen jälkeen osteoradionekroosin (ORN). Ryhmä 2 koostui 
viidestä potilaasta, jotka saivat osteoradionekroosin kasvainkirurgian ja sädehoidon jälkeen; 
he eivät saaneet hammasimplantteja. Ryhmä 3 käsitti kahdeksan suusyöpäpotilasta, jotka 
kävivät hampaanpoistokirurgiassa ilman sädehoitoa. Ryhmä 4 eli vertailuryhmä käsitti 50 
kliinisesti tervettä koehenkilöä, jotka eivät olleet saaneet sädehoitoa. Näytteitä tutkittiin 
pyyhkäisyelektronimikroskopian (SEM) avulla, ja niille tehtiin kvantitatiivinen pikselianalyysi 
ImageJ –kuva-analyysiohjelmalla. Sädehoito aiheutti MPL:jen morfologian rikkoutumista 
ja tuhoutumista sekä vähensi suun pintaepiteelisolujen MPL-pintarakenteiden tiheyttä. 
Joissakin säteilytetyissä soluissa MPL oli kadonnut kokonaan,  varsinkin potilailla, jotka olivat 
saaneet ORN:in. Niissä kudoksissa, jotka eivät olleet altistuneet säteilylle, pintaepiteelisolujen 
MPL oli vahingoittumaton kaikissa tapauksissa (suusyöpäpotilaat ilman sädehoitoa ja terveet 
potilaat).
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Päätelmiä, tarkastelua ja suuntia tulevalle tutkimustyölle 

Yksi kysymys, joka on otettu esille ja johon ei tässä väitöskirjassa ole täysin vastattu, on 
tämä: mistä syystä hammasimplantti irtoaa monien vuosien kunnollisen toimimisen jälkeen? 
Voitaisiin olettaa, että suun epiteelisolut menettävät MPL-rakenteensa asteittain etenevästi ja 
sen seurauksena menettävät niihin kiinnittyvän sylkipellikkelin, mikä lopulta johtaa vajavaiseen 
puolustusjärjestelmään. Sen jälkeen voisi olla ajan kysymys, milloin suun limakalvon 
puolustusjärjestelmä pettää. Kun luun ja sitä peittävien pehmytkudosten verenkierto on 
heikentynyt sädehoidon vuoksi, bakteerien kiinnittymistä ei kyetä kunnolla estämään ja 
tulehdus voi edetä mm. hammasimplantin ympäristöön limakalvon kautta. Seuraava vaihe 
on todennäköisimmin implantin menetys ja mahdollisesti osteomyeliitti. On epäselvää, miksi 
jotkut säteilytystä saaneet potilaat menettävät hammasimplanttinsa tai saavat osteomyeliitin/
luuydintulehduksen ja toiset eivät. Suun limakalvon pinnan solumorfologia, erityisesti 
MPL:jen puuttuminen, saattaisi toimia johtolankana mahdollisten ongelmien tai turvallisten 
tilanteiden ennustamiselle tulevissa hammasimplantin indikaatioissa.
Toinen kysymys, joka voidaan nostaa esille, on se, kykenevätkö säteilyä saaneet suun 
limakalvon solut uusiutumaan eli voivatko vaurioituneet tai MPL-rakenteensa menettäneet 
pintaepiteelisolut korvautua uusilla, terveemmillä MPL-rakenteen omaavilla soluilla. Voisi 
myös kysyä, olisiko säteilyä saaneen alaleuan limakalvoympäristön korvaaminen tulevissa 
suulaesta otetulla sarveistuneella limakalvolla (joka mitä todennäköisimmin on saanut paljon 
vähemmän säteilyä kuin alaleuan limakalvo) olla hyödyllinen kirurginen toimenpide, jolla 
leikkausalueelle saataisiin terveet, vahingoittumaton MPL-rakenteen omaavat epiteelisolut. 
Yksi tärkeä tulos tässä väitöskirjassa kuvatuista tutkimuksista on se, että suun pintaepiteelisoluissa 
esiintyy MPL-rakenteen vaurioitumista sädehoidon jälkeen. Vaurioitumisen aste riippuu 
säteilyannoksesta, ja se saattaa määrittää riskin hammasimplantin menettämisestä ja ORN:iin 
sairastumisesta. Implantin asennusta edeltävä diagnoosi voisi sisältää solunäytteen ottamisen 
limakalvosta, jotta voitaisiin päättää, onko ennuste hyvä hammasimplanttien asentamiselle.
Jatkotutkimuksissa voitaisiinkin selvittää MPL-rakenteen ja sylkipellikkelin (musiinien) välisen 
yhteyden potentiaalista kliinistä merkitystä selvitettäessä sellaisten heikosti ymmärrettyjen 
suun häiriöiden patogeneesiä kuten kuivan suun syndrooma, Sjögrenin oireyhtymä, suupolte 
ja sädehoitoon liittyvät komplikaatiot (sädehoitopotilaiden kuivan suun vaivat, joita tavataan 
myös suhteellisen normaalin syljenerityksen yhteydessä), sädehoidon aiheuttama karies, 
sädehoidon aiheuttama hampaanvierustulehdus ja ORN.
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