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Abstract

Early detection of altered epithelium can help in controlling the further progression by timely intervention. Alterations in cellular adhesion
are one of the hallmarks of cancer progression, which can be detected at the intracellular level using high-resolution electron microscopy.
This study aimed to evaluate the role of electron microscopy in the establishment of ultrastructural markers for early detection of altered
epithelium using tissues from 4-Nitroquinoline-1-Oxide (4NQO) induced rat tongue carcinogenesis. Our previous study using light micros-
copy displayed no histopathological alterations in 4NQO treated tissues until 40 days of treatment, while dysplasia, papilloma and carci-
noma were detected at 80/120, 160 and 200 days, respectively. However, electron microscopy detected alterations such as detachment of
desmosomes from cell membranes and their clustering in the cytoplasm, increased tonofilaments, keratohyaline granules and thickened
corneum in 40 days treated corresponding tissues. These alterations are apparent with hyperkeratosis/hyperplasia but remained undetected
using light microscopy. Further, in dysplasia, papilloma and carcinoma, gradual and significant loss of desmosomes, leading to the signifi-
cant widening of intercellular spaces, was observed using iTEM software. These parameters may serve as indicators for progression of oral
cancer. Our results highlight the importance of electron microscopy in the early detection of subcellular changes in the altered epithelium.

Key words: oral carcinoma, cell-cell adhesion, desmosomes, Electron microscopy, hyperplasia, Immunogold labeling

(Received 17 September 2018; revised 18 December 2018; accepted 14 February 2019)

Introduction

Oral cancer is a major health problem worldwide owing to its
high incidence and low survival rate (Nigudkar et al., 2016). In
India, the development of oral precancerous lesions is very com-
mon, and one of the major contributors for the high incidence of
oral cancer. The altered epithelium possesses a higher propensity
for malignant transformation if it remains undetected and
untreated (Yardimci et al., 2014). Therefore, the current challenge
is to develop strategies for early detection of subcellular changes
taking place in the epithelium which may lead to malignant trans-
formation of the cell over a period of time.

Oral carcinogenesis is a multistep process which goes step-wise
transformation from normal to pre-malignant to invasive
carcinoma (MacFarlane & R Murphy, 2010). Currently, light
microscopy is commonly used for histopathological diagnosis.
However, it is possible that the changes at an early stage and
not yet fully developed may remain undetected due to the limited
resolving power of light microscope. Electron microscope (EM) is
a promising tool producing high-resolution images providing
subcellular information about structure, texture, size, and shape

of the cellular organelles. Previous reports suggest that the trans-
mission electron microscope (TEM) can detect fine the ultrastruc-
tural changes which take place during malignant transformation
of epithelial cells and the progression of oral squamous cell carci-
noma (OSCC), as an adjunct to histopathology (Kannan et al.,
1996; Cheng & Hudson, 2002).

Tissue adhesion is essential to maintain the architecture, integ-
rity and function of epithelium and it is based on the interactions
between cell–cell and cell–stroma (Kowalczyk & Green, 2013).
Desmosomes are cadherin-based intercellular adherens junctions
that confer strong homotypic cell—cell adhesion by tethering to
intermediate filaments (IF) and thereby to plasma membranes
(Garrod & Chidgey, 2008). Desmosomes are specialized for strong
adhesion and their failure can result in various skin disorders
including cancer (Papagerakis et al., 2009). At the ultrastructural
level, desmosomes appear as electron dense discs approximately
0.2–0.5 µm in diameter, which assemble into a mirror image
arrangement on neighboring cell membranes (Kowalczyk &
Green, 2013). A central core region of desmosomes spans the
intercellular space (ICS) between adjacent cell membranes and
separates two identical cytoplasmic plaques. The width of ICS
has been reported between 20 and 35 nano meters (nm) in
human normal epidermis (Garrod & Chidgey, 2008).

Desmoplakin is one of the major components of the desmo-
some and the most abundantly expressed protein from the plakin
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family (Kowalczyk & Green, 2013). Previous studies have reported
that alterations in the expression and localization of desmosomal
proteins resulted into poor prognosis in patients with OSCC
(Papagerakis et al., 2009; Dusek & Attardi, 2011). In these studies,
the authors have focused on tumor tissues only. However, oral
carcinogenesis is a multistep process, and hence, it is important
to explore the changes taking place in cell adhesion at various
sequential stages of the carcinogenesis process. Although, alter-
ations in cell adhesion are associated with tumor progression,
we hypothesize here that although the changes might be more
detectable in an advanced stage of the disease they may initiate
in the early stage of the disease. Electron microscopy can detect
subcellular early changes to the epithelium that are not yet detect-
able using light microscopy.

However, it is difficult to get a complete series from the normal
tissue throughout the progress of the disease from the same
patients since tumorigenesis is an elaborate process and it needs
a long term vigorous clinical follow-up. Nevertheless, animal
models have been reported previously which can mimic the
human system, and hence can be used for such studies (Herzig
& Christofori, 2002). It is known that oral carcinogenesis devel-
oped by chronic exposure to 4-Nitroquinoline-1-Oxide (4NQO)
simulates the changes in the human system (Kandarkar et al.,
1998; Kanojia et al., 2012). The tongue is the most common
site for the development of OSCC, owing to the use of various
forms of tobacco and alcohol consumption (Rao et al., 2013;
Thandavamoorthy et al., 2014). For our studies, our group has
developed rat tongue carcinogenesis model using 4NQO as a car-
cinogenic agent (Kanojia et al., 2012), which successfully pro-
duced major experimental stages of tongue carcinogenesis.
Further, histopathology confirmed the development of dysplasia,
papilloma and carcinoma in rats treated with 4NQO at 80/120
days, 160 days and 200 days, respectively (Kanojia et al., 2012).

In the present study we have made efforts to establish morpho-
logical markers for early detection of altered epithelium using elec-
tron microscopy. We performed qualitative as well as quantitative
ultrastructural analysis and immunogold labeling (IGL) on rat
tongue tissues to evaluate the ultrastructural changes in cellular
adhesion. For this, we quantified the ultrastructural parameters
such as a number of desmosomes, ICS and length of desmosomes
using iTEM software. Our results using light microscopy presented
no histomorphological alterations in 40 days 4NQO treated tissues.
However, the corresponding tissues imaged via EM showed
increased number of desmosomes, detachment from cell mem-
branes and clustering in the cytoplasm, thick and dense stratum
corneum, increased keratohyaline granules and increased tonofila-
ment bundles and all of these observations have the potential to be
used for early diagnosis of the altered epithelium. Moreover, we
found, as the disease progressed, the number of desmosomes signif-
icantly decreased and the ICS significantly increased.

Materials and Methods

A detailed protocol for the development of the 4NQO induced rat
tongue carcinogenesis model has been described previously
(Kanojia et al., 2012). Briefly, a total of 168 Sprague Dawley rats
were randomly and equally divided into three groups—a 4NQO
treated group, a vehicle control group, and an untreated control
group. Eight animals in each of these groups were given 0.001%
4NQO (Sigma Aldrich, USA) in drinking water three times a
week for 10, 20, 40, 80, 120, 160, and 200 days, respectively. After
each time point of treatment and prior to sacrifice, the animals

were given normal drinking water for another 15 days, allowing
for any possible regression of the lesions. At the end of each time
points, animals were sacrificed using CO2 inhalation and the dis-
sected dorsal tongue tissues were used in the present study.

Histopathology

At the pre-scheduled time points, animals were sacrificed and
part of the dorsal tongue tissue of the controls and treatment
groups of animals (n = 8 in each group) was processed for histo-
pathology and electron microscopy. For histopathology, tissues
were fixed in 10% buffered formalin and processed for paraffin
embedding. Five micrometer thick sections were cut and stained
with hematoxylin and eosin (H&E). Histopathological grading
was done by experienced pathologists using light microscopy.

Transmission Electron Microscopy

Tissues were fixed in 3% glutaraldehyde (Ted Pella Inc, Redding,
CA, USA) followed by 1% osmium tetroxide (EMS, Hatfield, PA,
USA) at low temperature. After dehydration, tissues were embed-
ded in Araldite CY212 (Ted pella Inc, USA) and polymerized at
60°C for 72 h (Sawant et al., 2016). From polymerized tissues,
first, we cut semi-thin (1 µm) sections, stained with toluidine
blue stain (Ted pella Inc, USA) and selected the region of interest
(ROI) for ultrathin sectioning using the light microscope (Sawant
et al., 2018). Next, 60 nm ultrathin sections were cut on an ultra-
microtome (Leica ultracut UC7, Nussloch, Baden-Wuerttemberg,
Germany) from the selected ROI and placed on copper/nickel
grids. Sections were prepared for enhanced electron contrast with
uranyl acetate and lead citrate (both reagents from Ted Pella Inc,
USA) and imaged in a JEOL1400 plus TEM (JEOL, Ltd,
Akashima, Japan) at 120 KV. Micrographs were captured using
an Olympus Soft Imaging Solutions (SIS) CCD bottom-mount
on-axis 5.3 megapixel camera (Model Tengra, Münster, Germany).

Integrated iTEM Software

We performed quantitative analysis of the number of desmosomes
and ICS and the length of desmosomes using the integrated iTEM
imaging platform (SIS, GmbH, Germany) as described previously
(Sawant et al., 2018). Briefly, we acquired a minimum of 10 digital
micrographs from widely spaced sections with uniform magnifica-
tion for each sample and for each respective parameter. The num-
ber of desmosomes was counted by using the “touch count” tool of
the iTEM software. For calculation of ICS, ten perpendicular lines
were drawn in between the two adjacent cell membranes and
recorded using the “arbitrary line” tool. The length of desmosomes
was calculated using “Polyline” tool of iTEM. The mean values for
each parameter, in each group of samples were determined in
iTEM platform and then used for further statistical analysis.

Immunogold Labeling

Ultrathin sections from 3% glutaraldehyde and 1% osmium
tetroxide-fixed tissues were collected on nickel grids and the
grids were micro-waved in heat-induced antigen retrieval buffer
(20mMTris-HCl, pH 9.0) for unmasking antigen-epitopes as
described elsewhere (Yamashita & Okada, 2014). We modified
the original protocol in which the sections were first heated in
microwave at 720 watts until the antigen retrieval buffer started
boiling. Sections were kept for 30 s in the boiling buffer. The
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Petri-plate wells were replenished with additional buffer so as to
keep the grids immersed and further sections were boiled for
10 s. Next, non-specific binding was blocked by incubating sections
with 5% bovine serum albumin (BSA, Amresco, Solon, OH, USA).
This was followed by incubating the sections with anti-
desmoplakin I/II antibody (AbD Serotec, Kidlington, Oxford,
UK) at dilution 1:30 in 1% BSA for 1 h at RT. Following washes
with phosphate buffer saline (PBS), grids were incubated with sec-
ondary anti-rabbit antibody conjugated with 10 nm gold particles
(Sigma Aldrich, St Louis, MO, USA) at 1:10 dilution for 1 h at
RT. The secondary antibody was diluted in 1% BSA containing
0.1% fish skin gelatin (Sigma, MO, USA). After PBS washes, the
sections were stained with uranyl acetate and lead citrate and
micrographs were acquired using a JEOL 1,400 plus TEM (JEOL,
Ltd, Akashima, Japan) at 120 KV. We measured the number
of gold particles from a minimum of 10 micrographs per sample
(n = 8) at fixed magnification using “touch count” tool of iTEM
platform and mean values were used for comparative analysis.
The specificity of the anti-desmoplakin antibody has been tested
by Western blotting in our previous study (Kanojia et al., 2012).
Serum from the non-immunized rabbit in place of primary anti-
body was used as a negative staining control.

Statistical Analysis

The statistical analysis was performed to compare the mean val-
ues, derived by using iTEM analysis, for a number of

desmosomes, the ICS and length of desmosomes. The compar-
ative analysis was performed between control and treated tis-
sues (hyperplasia, dysplasia, papilloma and carcinoma) by
applying an unpaired-t test (Prism 5 GraphPad Software, La
Jolla, CA, USA). Immunogold labeling, detecting expression
of desmoplakin protein was compared between control and
4NQO treated tissues by applying an unpaired-t test.
Differences with a probability value of <0.05 were considered
statistically significant.

Results

Light Microscopy Revealed No Histopathological Alterations
Till 40 Days of 4NQO Treatment

Light microscopic analysis on H&E stained sections revealed no
morphological alterations till 40 days of 4NQO treatment, while,
dysplasia, papilloma and carcinoma were detected at 80/120 days,
160 days and 200 days of 4NQO treatment (Figs. 1a–1e).

Prior to ultrathin sectioning, we selected ROIs at the cutting
frame by analyzing semi-thin sections (Fig. 2a). Further, we
confirmed the ultrastructure of desmosomes in rat tissues by
comparing it with previously reported data (Garrod &
Chidgey, 2008; Delva et al., 2009). We found desmosomes
with two dense plaques separated with a central core region
and insertion of cytoplasmic IFs towards the cell membrane
(Fig. 2b).

Fig. 1. Light microscopic photographs of hematoxylin and eosin stained sections showing the histomorphology of rat control and 4NQO treated tongue tissues. a:
control- vehicle-treated tongue, (b) treated for 40 days displaying hyperkeratotic morphology, (c) treated for 80/120 days showing dysplastic changes, (d) treated for
160 days showing papillomatous structure, (e) treated for 200 days demonstrating well-differentiated squamous cell carcinoma.
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Ultrastructural Alterations in Desmosomal Adhesion Detected
at Early Stage of rat Oral Carcinogenesis

Control
First, we analyzed the ultrastructure of control tissues. The epithe-
lial cells of all strata were structurally well preserved with defined
stratified layers. The upper stratum corneum was normal with
occasional cells having pyknotic nuclei (Fig. 3a). The granular
cells were seen with nuclei containing well-developed nucleoli,
pleomorphic keratohyaline granules, and cytoplasmic tonofila-
ment bundles. Intact desmosomes studded on the cell membranes
and anchoring to their neighboring cell membranes were fre-
quently seen (Fig. 3b). The desmosomes were found to be plenti-
ful and had tonofilament insertions (Fig. 3b). A greater number of
desmosomes with tight cell–cell adhesion were seen mostly in the
upper spinous epithelium as compared to the granular epithelium
(Fig. 3c). The basal lamina was found to be well defined, intact,
and continuous, studded with numerous hemidesmosomes and
underlined stroma appeared with normal morphology (Fig. 3d).

Experimental
40 days: The most notable changes in the morphology of 40 days
4NQO treated tissues in comparison with control tissues are listed
here. The upper fully keratinized corneal layer was found to be
thick and dense. Granular cells were seen with increased kerato-
hyalin granules and tonofilament bundles (Fig. 3e). Importantly,
in the spinous epithelium, a group of cells with condensed nuclear
chromatin, loss of cytoplasmic organelles and weak cell–cell

contacts, owing to the increased ICS, were seen (Fig. 3f). In addi-
tion, the spinous cells were also exhibited with plenty of tonofila-
ment bundles as well as desmosomes (Fig. 3g). Clusters of
tonofilament bundles (Fig. 3h) and desmosomes (Fig. 3i) are
shown in magnified images. Notably, desmosomes were found
to be detached from cell membranes and clustered in the cyto-
plasm (Fig. 3i). Collectively, all these morphological alterations
were apparent with hyperkeratosis and hyperplasia.

The most distinguished changes we observed were an altered
number of desmosomes, ICS, and length of desmosomes.
Hence, we quantitatively measured these parameters in 40 days
4NQO treated samples with hyperplasia tissues and compared
with control tissues (Figs. 4a, 4b).

80/120 days: In these tissues, massive dysplastic changes were
seen, mainly there was lack of ordered stratification. An altered
nuclear-cytoplasmic ratio, increased chromatin condensation, and
short desmosomes were seen. Fewer desmosomes and widened
ICS, frequently containing microvilli, were seen especially in the spi-
nous epithelium (Fig. 4c). Dense aggregates of tonofilaments were
observed surrounding the nuclear periphery. The appearance of
cells was more elongated and with loose cell–cell contacts (Fig. 4c).

160 days: These tissues exhibited papillomatous growth
having severe dysplastic changes, largely distorted stratification,
altered nuclear-cytoplasmic ratio, chromatin condensation, reduc-
tion in cytoplasmic organelles including tonofilament bundles.
Importantly, in the spinous cells, there were a lower number of
desmosomes and their appearance was shrunken. Cell–cell con-
tacts were weak, resulting in the widened ICS, leading to poor cel-
lular adhesion (Fig. 4d).

200 days: These tissues were developed tumors which were
histopathologically identified as well-differentiated SCC. Tumor tis-
sues exhibited severe dysplastic changes, distortion of stratification,
chromatin condensation, shrinkage of cells with dilated cytoplasm,
and with several short and long membranous protrusions (Fig. 4e).
The tumor cells were found to be disorientated with randomly scat-
tered tonofilaments, and shortened desmosomes were occasionally
seen on cell membranes (Fig. 4e). There were large widened ICS,
often containing microvilli (Fig. 4e).

Severity of Ultrastructural Alterations in Cell Adhesion
Increased as the Disease Progressed

For comparative analysis, a quantitative measurement is required.
Therefore, we quantified the number of desmosomes and mea-
sured ICS and the length of desmosomes in the tissues of control,
hyperplasia, dysplasia, papilloma, and carcinoma and calculated
the mean ±SEM as described in the protocol (Table 1). Further,
we compared the mean values of a number of desmosomes
(Fig. 5a), ICS (Fig. 5b), and length of desmosomes (Fig. 5c) in
the control versus hyperplasia, dysplasia, papilloma, and carcino-
mas. In this comparative analysis, we found a significant differ-
ence in a number of desmosomes and ICS, however the length
of desmosomes did not differ significantly (Figs. 5a–5c).

Reduction in the Expression of Desmoplakin Protein and Loss
of Desmosomes in the Corresponding Tissues Indicate That
Desmoplakin is an Essential Component for Desmosome
Formation

It is suggested that the alterations in protein expression result in
structural changes. Hence, we analyzed the expression levels of
major desmosomal protein-desmoplakin using the IGL technique.

Fig. 2. a: Toluidine blue stained, semi-thin section showing the region of interest
(ROI) in the spinous cells for ultrathin sectioning. b: Ultrastructural appearance of
desmosomes (D) showing outer dense plaque (ODP) and inner dense plaque (IDP)
separating with central core region (CCR), insertion of cytoplasmic tonofilaments
(TF) and the intercellular space (ICS) between opposite plasma membranes (PM).
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For comparative analysis, desmoplakin expression quantified as
described in the protocol. Interestingly, we found an increased
number of gold particles in the hyperplastic tissues as compared
to control tissues (Figs. 6a, 6b, b’), while, in the subsequent grades
of the tissues exhibiting dysplasia, papilloma, and carcinoma, the
number of particles was reduced (Figs. 6c–6e). The negative
staining control did not find gold labeling (Fig. 6a’) indicating
the specificity of the antibody. Quantitative analysis exhibited a
significant difference in IGL between 4NQO untreated (control)
and treated tissues (Fig. 6f).

Discussion

Disrupted epithelial adhesion is a hallmark of disease progression
and if it remains undetected and untreated, there is a possibility of
malignant transformation over a period of time. Histopathological
diagnosis is still considered to be the gold standard in determin-
ing the presence and nature of a disease (Monea et al., 2018).
However, in some cases, particularly in oral precursor lesions in
which pathological changes have not yet fully developed and
therefore are not visible under light microscope, EM can detect
such subcellular changes owing to its high resolution.

Early diagnosis of oral potentially malignant legions as well as
detection of invasive features in primary oral tumors is of para-
mount clinical importance, given the high mortality rate in late

stages of the disease. IHC examination has the potential to be a
useful tool for diagnosing malignancy and is currently being
used for the diagnosis of breast lesions and bone tumor-like
lesions (AbdulMajeed & Farah, 2013). In this direction, many
attempts have been made to establish molecular markers for
early diagnosis and prognosis of oral cancer (Shin et al., 1994;
Srinivasan & Jewell, 2001; Shah et al., 2007; AbdulMajeed &
Farah, 2013; Chen et al., 2013; Sawant et al., 2014a, 2014b).
However, none of those markers have reached clinics due to
their inadequate sensitivity/specificity as well as lack of clinical
validation on large sample size. Hence, in the present study, we
have made an attempt to identify morphological markers using
high-resolution electron microscopy, detecting the subcellular
changes earlier than other light microscopy-based examinations.

In this study, histopathological analysis using light microscopy
revealed that till 40 days of 4NQO treatment, there were no mor-
phological alterations. However, electron microscopic examina-
tion demonstrated the changes apparent with hyperkeratosis
and hyperplasia in the corresponding tissues. EM may be useful
for the diagnosis of at least some of the cases, where the early
morphological changes are not detectable using light microscopy.
Earlier, EM protocol was considered to be expensive and time-
consuming. The initial set-up for EM is expensive, but the contin-
uing cost of using EM is reasonable. For example, in our
Institute-Tata Memorial Centre, EM is being used for selected

Fig. 3. Electron micrographs showing ultrastructure of control tissues (a–d) and 40 days 4NQO treated tissues (e–i). Micrographs of control tissues showing well-
preserved ultrastructure of cellular organelles in all defined stratified layers as shown (a) stratum corneum, (b) stratum spinosum, (c) stratum granulosum and (d)
well defined, intact stratum basale. e: Micrograph of 40 days 4NQO treatment showing a thick and dense upper corneal layer, while granular cells consist of thick TF
bundles with pleomorphic and amorphous keratohyalin granules. f: Spinous cells of 40 days 4NQO treatment epithelium showing a group of cells (marked) with
condensed chromatin, dilated cytoplasm, and loss of cell–cell adhesion with increased ICF. g: Micrograph showing bundles of TF (*) and clusters of desmosomes (#)
in the cytoplasm of spinous cells of which magnified images are shown in (h and i) and are indicated as * and # respectively. KL, keratinized layer; BM, basement
membrane; TF, tonofilaments; KG, keratohyalin granules; N, nucleus; ICS, intercellular space; CP, cytoplasm; D, desmosome.
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cases where the diagnosis is doubtful. Moreover, the current
upgraded EM protocol, comprising of microwave-assisted tissue
processing, in combination with digital image acquisition, made
it possible to get the results on the same day (Rayat, 2014).

In this study, ultrastructurally we observed detachment of des-
mosomes from the cell membranes and their clustering in the cyto-
plasm of 40 days 4NQO treated epithelium. The mechanism of
internalization of desmosomes is still largely unknown, however,
a previous study has reported the internalization of desmosomes
by detaching from cell membranes in epidermal tissues during
wound healing (McHarg et al., 2014). This indicates that loss of
desmosomes from cell membranes renders the cell more motile.
The same group has further reported the internalization of half-

desmosomes in cultured cells in response to calcium chelation.
Microtubules transport these internalized half desmosomes to the
region of the centrosome by a kinesin-dependent mechanism
where the degradation of desmosomes takes place by the combined
action of lysosomes and proteasomes (McHarg et al., 2014). These
results suggest that internalization of desmosomes is a part of their
routine recycling and degradation phenomenon. However, in the
present study, internalization of desmosomes and further their clus-
tering in the cytoplasm was seen. This observation point towards
the possibility that the defect in desmosome recycling and degrada-
tion processes might result in their accumulation in the cytoplasm.

Generally in the stratified epithelium, cell adhesion is tight, as
a result ICS are apparently narrow. Widened ICS allowing the

Fig. 4. Representative micrographs showing desmosomes (D) and intercellular spaces (ICS) in rat tongue tissues. a: Control, (b) hyperplasia, (c) dysplasia, (d) pap-
illoma, and (e) carcinoma.

Table 1. Average Mean Values of Number of Desmosomes, Intercellular Spaces and Length of Desmosomes Calculated Using iTEM Software and Compared Between
Rat Tongue Tissues of Control versus Hyperplasia, Dysplasia, Papilloma and Carcinoma.

EM Variables
n = 8. (10 Images/
Parameter and
/Sample) Normal Hyperplasia p Value Dysplasia p-Value Papilloma p-Value Carcinoma p-Value

Number of desmosomes
Mean ± SEM

41.13 ± 1.35 28.38 ± 1.97 0.0001 25 ± 1.46 0.0001 23.38 ± 3.22 0.0002 16.75 ± 1.39 <0.0001

Intercellular spaces
Mean± SEM (μm)

0.643 ± 0.03 0.779 ± 0.04 0.0170 1.020 ± 0.05 <0.001 1.33 ± 0.12 <0.001 1.849 ± 0.23 0.0002

Length of desmosomes
Mean± SEM (μm)

0.28 ± 0.01 0.2613 ± 0.01 0.1242 0.2663 ± 0.01 0.4021 0.33 ± 0.01 0.0069 0.32 ± 0.03 0.22929

Data analyzed using unpaired t-test and represented Mean ± SEM. Bold values signify p-value <0.05.
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detachment of a cell from its adjacent cell is prerequisite for
tumor cell invasion and metastasis. Previous studies have reported
widening of the ICS in dysplastic erosive leukoplakia lesions
(Bánóczy et al., 1980) and oral carcinoma, resulting in loss of
intercellular adherens leading to disease progression (Shklar,
1985). Experimental rat oral carcinogenesis studies have also
shown a prominent increase in ICS in long time carcinogen

treated tissues as compared to short time carcinogen treatment
(Kandarkar et al., 1998). In this study, the quantitative analysis
of ICS showed less distance between two adjacent cell membranes
of control tissues. However, as the disease progressed the ICS
gradually and significantly increased. These observations allow
us to suggest a completely new concept that the alterations in
the cell–cell adhesion initiate at an early stage of the disease,

Fig. 5. Bar diagrams showing the comparative measurement and significant difference between mean values of (a) Number of desmosomes, (b) Intercellular
spaces (ICS), and (c) length of desmosomes in 4NQO treated rat tongue tissues in comparison to control tissues. In each group n = 8.

Fig. 6. Immunogold labeling using an antibody against desmoplakin protein shows the localization of gold particles on cytoplasmic side of desmosomes in (a)
control tissue. (a′) shows the absence of gold labeling in negative control where primary antibody was replaced with preimmune serum. b: Hyperplastic tissue
shows an increase in number of gold particles in the ICS. (b′) Low magnification representative image showing the increased expression of desmoplakin in hyper-
plastic tissue. Subsequent tissues of (c) dysplasia, (d) papilloma and (e) carcinoma show gold particles in the ICS with a gradual reduction in the number of par-
ticles as the disease progressed. f: Bar diagram shows the quantitative analysis of gold particles with a significant increase in hyperplasia and a significant decrease
in dysplasia, papilloma, and carcinoma as compared to control tissues. D, desmosome; IGL, immunogold labeling.
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although these features are characteristic of advance disease.
Furthermore, the severity of the alterations increased as the dis-
ease progressed. The usefulness of ICS quantitative measurement
has been suggested in the diagnosis of patients with oesophageal
non-erosive reflux disease where authors have reported the
increased ICS values in diseased tissues as compared to control
tissues (Ribolsi et al., 2009).

It is important to note that, unlike to previous descriptive stud-
ies, in this work we have performed quantitative analysis of ultra-
structural features using software which reduces the subjectivity.
A previous report suggested that the quantification of ultrastruc-
tural components and assessment of the percentage of subcellular
changes could only be accomplished through an EM study
(Rayat, 2014). Moreover, we have made an attempt to standardize
the IGL protocol on glutaraldehyde and osmium tetroxide fixed tis-
sues. Although, cryoelectron microscopy is an appropriate method
for IGL, our modified protocol can be useful on TEM fixed tissues,
for those who do not have access for cryoelectron microscopy. The
findings of IGL showed an increased number of gold particles for
desmoplakin protein in hyperplastic tissues as compared to control
tissues, while, in the subsequent tissues of dysplasia, papilloma and
carcinoma, the number was gradually but significantly reduced. We
also detected cellular localization of gold particles in the ICS of
4NQO treated tissues, while, in the control tissues it was located
towards the cytoplasmic side of desmosomes. This could be the
result of the altered cellular localization of desmoplakin protein
during the progression of oral cancer. Previously, using immuno-
histochemistry, we have reported altered cellular localization and
increased expression of desmoplakin, plakoglobin and desmoglein
proteins in human oral hyperplastic epithelium and as the disease
progressed, the expression of these proteins was significantly
reduced (Sawant et al., 2018). Another group has also reported
the association between altered cellular expression/localization of
desmosomal/hemidesmosomal proteins and aggressive clinicopath-
ological features of OSCC (Xin et al., 2014).

In this study, we observed increased expression of desmoplakin
protein in hyperplastic tissues, but, in the subsequent progressive
grades, it was significantly reduced. This goes along with our pre-
vious observations (Sawant et al., 2018). However, the mechanism
for this change is unknown. We hypothesize that, initially cells
might try to defend against further damage and maintain cellular
homeostasis. As a result, the cell might increase the expression of
desmosomal components. But, as a consequence of subsequent
events, there might be a loss of desmosomal components, which
turn out to be a weak cellular adhesion, promoting the disease.
Down-regulation of expression of desmoplakin and plakophilin-1
in human oral dysplastic and carcinoma tissues as compared to
normal oral epithelium has been reported (Narayana et al.,
2010). Down-regulation of desmoplakin and its association with
the invasive and metastatic ability of human oropharyngeal
cancers has also been shown (Papagerakis et al., 2009). The ultra-
structural changes seen in this study at different histopathological
grades of rat tongue carcinogenesis match the changes seen in
human oral tumorigenesis (Sawant et al., 2018). These observa-
tions clearly illustrate the fact that experimental animal models
can be useful to increase human knowledge and contribute to
finding answers to various biological and biomedical questions.

It is important to note that we found increase/decrease in des-
moplakin protein and increase/decrease in the number of desmo-
somes respectively in corresponding tissues. There are reports
showing the association between the expression of desmosomal
plaque proteins and formation of desmosome structures (Gosavi

et al., 2011). We have also previously reported the requirement
of desmoplakin protein for the formation of desmosomes as des-
moplakin knocked down human dermal cells failed to form nor-
mal desmosomes (Sawant et al., 2018). Down-regulation of the
expression of desmosomal proteins during cancer progression
has been implicated in the acquisition of the metastatic phenotype
(Dusek & Attardi, 2011; Sawant et al., 2018). Loss of desmosomes
has been shown before that of adherens junctions to drive tumor
development and early invasion (Dusek & Attardi, 2011). These
findings raise the possibility that desmosomes play tumor sup-
pressive roles during cancer progression as the loss of adhesion
promotes the disease (KowalczykK & Green, 2013).

Summary

Electron microscopic observations showed subcellular changes,
apparent with hyperkeratosis/hyperplasia in the initial stage of
the altered epithelium. These changes remained undetected at
light microscopic level due to its limited resolution. This recom-
mends the role of electron microscopy in early detection of altered
epithelium which could add value to the precision of current
histopathological diagnosis. In addition, ultrastructural features
such as a number of desmosomes and ICS could prove to be mor-
phological markers for the prediction of disease progression.
Together, the results of this study highlight the importance of
electron microscopy in the early detection of subcellular changes
in the altered epithelium.
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