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Abstract
The intercellular binding of desmosomal junctions is mediated by cadherins of the desmoglein (Dsg) and desmocollin (Dsc) type.
Dsg2mutant mice with deletion of a substantial segment of the extracellular EC1-EC2 domain, which is believed to participate in
homo- and heterophilic desmosomal cadherin interactions, develop cardiac fibrosis and ventricular dilation. Widening of the
intercellular cleft and complete intercalated disc ruptures can be observed in the hearts of these mice. Since a reduced litter size of
homozygous Dsg2 mutant mice was noted and a functional correlation between desmosomes and embryo implantation has been
deduced from animal studies, we looked for an alteration of desmosomes in uterine endometrial epithelium. Shape and number of
desmosomes as well as the expression of Dsg2 and the desmosomal plaque protein desmoplakin (Dsp) were investigated by
electronmicroscopy and immunohistochemistry in 12 oestrous-dated mice (7 wild type and 5 homozygous Dsg2mutant mice) at
the age of 9–17 weeks. The immunohistochemical detection of Dsg2 was diminished in the mutants and the number of
desmosomes was significantly reduced as revealed by electron microscopy. In addition, the intercellular desmosomal space
measured in electron micrographs was considerably widened in the Dsg2 mutants. The increased intercellular spacing can be
explained by the partial deletion of the extracellular EC1–EC2 domain of Dsg2. Whether these changes explain the reduced
number of offspring of homozygous Dsg2 mutant mice remains to be further investigated.
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Introduction

The uterine luminal and glandular endometrial epithelium
consists of a single layer of polarised columnar epithelial cells
comparable to the mucosal epithelium of the intestine, stom-
ach, gall bladder and oviduct. These typical polarised epithelia
contain characteristic tripartite junctional complexes at apical
cell–cell contact sites consisting of a zonula occludens at the
top, a zonula adhaerens adjacent to it and multiple desmo-
somes situated below it (Farquhar and Palade 1963).

Desmosomes are prominent cell–cell contact structures in
epithelia (Broussard et al. 2015; Garrod and Chidgey 2008;
Holthofer et al. 2007; Kowalczyk and Green 2013; Thomason

et al. 2010). They act as plasmamembrane attachment sites for
the keratin intermediate filament cytoskeleton and are respon-
sible for cellular adhesion and tissue integrity. Desmosomal
adhesion is mediated by desmosome-specific cadherins.
These calcium-dependent adhesion molecules are
membrane-spanning constituents of desmosomes. They exist
in seven different isoforms in humans, i.e., desmogleins (Dsg)
1–4 and desmocollins (Dsc) 1–3 (Garrod and Chidgey 2008).
Dsg2 and Dsc2 are the most abundant isoforms in desmo-
somes of absorptive and glandular simple epithelia including
endometrial epithelium.

The Dsg2 gene was first identified by Koch et al. (1990,
1991). The mRNA has been cloned and the complete amino
acid sequence determined by Schafer et al. (1994).
Subsequently, Dsg2 was detected by various antibodies in
different species, including human (Schafer et al. 1996).

Most studies on the structure of desmosomes have been
performed either on stratified epithelium, i.e., keratinocytes,
or on cardiomyocytes (Al-Amoudi et al. 2007; Al-Amoudi
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and Frangakis 2008). Fewer data are available on simple ep-
ithelia. A study by Schlegel et al. (2010) indicated that Dsg2-
mediated adhesion affects tight junction integrity in intestinal
epithelia and is required tomaintain intestinal epithelial barrier
properties. Loss of Dsg2 may be involved in cancer and con-
tributes to the pathogenesis of Crohn’s disease (Spindler et al.
2015). In addition to its importance for intercellular cohesion,
Dsg2 may also be involved in important cellular functions
such as proliferation (Kamekura et al. 2014), apoptosis and
early development (Nava et al. 2007). Dsg2 knock-outs die
during the early implantation phase (Eshkind et al. 2002).

The extracellular part of Dsg2 consists of the four calcium-
binding domains EC1–EC4. Recently, a Dsg2 mutant mouse
(Dsg2mt) was generated lacking major parts of the extracellu-
lar EC1–EC2 domains (Holthofer 2007; Holthofer et al. 2007;
Krusche et al. 2011).

These mutants develop a pathological cardiac phenotype
with dilated atria and ventricles and exhibit cardiac fibrosis.
Investigations by electron microscopy revealed a loss of des-
mosomes in the intercalated discs of mutant hearts and, in
particular, widening of the intercellular space as well as dis-
sociation of intercalated discs close to lesions (Kant et al.
2012).

Since a reduced litter size was noted in Dsg2 mutant mice
(Krusche et al. 2011) and a functional correlation between
desmosomes and embryo implantation has been deduced from
animal studies (Illingworth et al. 2000; Preston et al. 2004;
Preston et al. 2006) and from our own research on human
trophoblast-endometrial interaction in cell culture (Buck et
al. 2015), we looked for an alteration of desmosomes in uter-
ine endometrial epithelium.

Although no obvious pathological changes besides the car-
diac phenotype were observed in tissues containing Dsg2 such
as intestine, liver and endometrium, we used electron micros-
copy and immunohistochemistry to investigate whether Dsg2
mutation affects the structure and function of desmosomal
adhesion in the endometrial epithelium, which might in part
explain the reduced number of offspring of the mutant mice.

Materials and methods

Animals

The Dsg2 mutant mouse (Dsg2mt) lacks exons 4–6 of the
Dsg2 gene (Holthofer et al. 2007; Krusche et al. 2011).
These exons code for major parts of the extracellular EC1–
EC2 domains and their deletion leads to loss of amino acids 78
(isoleucine) to 234 (arginine) of the desmoglein-2 precursor
(Mus musculus), reference sequence NP_031909.2. This cor-
responds to the nucleotide sequence 441–914; NCBI refer-
ence sequence NM_007883.3.

Mice were housed in the animal facility of the RWTH
University Hospital. The animals were supplied with standard
rodent lab diet (Ssniff, Soest, Germany) and were given ad
libitum access to food and water. In total, 12 adult females (7
wild type and 5 homozygous mutant animals) aged 9–
17 weeks were used in this study. Wild type controls and
homozygous mutant littermates (Table 1) were obtained by
mating of heterozygous mutant mice. To exclude possible
cyclic changes of desmosomal adhesion in the endometrial
epithelium, all animals were subjected to oestrous cycle stage
monitoring prior to autopsy.

Oestrous cycle stage monitoring

Oestrous cycle stage was determined by cytological ex-
amination of vaginal lavage material according to Rugh
(1968) and Byers et al. (2012). One hundred microliters
of 0.9% sodium chloride solution was applied to the va-
gina with a buttoned cannula and aspirated again.
Aspirates were transferred to Super-Frost® plus glass
slides (Thermo Fisher Scientific, Bonn, Germany), air-
dried for 30 min at room temperature (RT) and fixed with
methanol for 10 min (RT). Slides were then stained with
Giemsa solution (1:50 (v/v) in H2O) (Merck, Darmstadt,
Germany) for 30 min (RT), rinsed in PBS and washed in
deionised water. The slides were air-dried again for
30 min (RT) and mounted with DePeX (Serva,
Heidelberg, Germany). Vaginal cytology was assessed
3 days and 24 h prior to autopsy. Oestrous cycle monitor-
ing was performed once again on the day of autopsy and
animals were sacrificed after evaluation of stained lavage
material by light microscopy. Only animals with cytolog-
ical features typical of the oestrous phase were included in
the study.

Tissue collection

After monitoring of the oestrous cycle stage, animals were
killed by cervical dislocation. One uterine horn was direct-
ly dissected in fixative (4% formaldehyde/1% glutaralde-
hyde) (McDowell and Trump 1976) and further processed
for examination by electron microscopy. The other uterine
horn was transferred to a cryogenic vial (Nalgene Nunc,
Rochester, NY, USA) filled with Sakura Tissue-Tek®
O.C.T. ™ Compound (Finetek, Alphen aan de Rijn,
Netherlands), shock frozen in liquid nitrogen and stored
at − 40 °C for further processing.

Immunofluorescence microscopy

Immunofluorescence staining was performed on 10-μm-thick
cryostat sections from shock-frozen specimens mounted on
Super-Frost® plus glass slides (Thermo Fisher Scientific,
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Bonn, Germany). Sections were fixed in acetone for 10 min at
4 °C, air-dried and stored at − 20 °C. Slides were rehydrated in
PBS for 10 min and blocked for 20 min with 5% goat and/or
donkey serum. Polyclonal rabbit antibody against the ex-
tracellular anchor domain and fourth extracellular domain
(EC4) of Dsg2 (Holthofer et al. 2007; Schlegel et al.
2010) was diluted 1:1000. The polyclonal guinea pig an-
tibody against desmoplakin 1/2 (DP 495, Progen
Biotechnik, Heidelberg, Germany) was diluted 1:500.
Antibodies were diluted with PBS supplemented with
1.5% bovine serum albumin. After incubation overnight
at 4 °C with primary antibodies, slides were rinsed in PBS
three times and then incubated for 1 h in the dark at room
temperature with secondary antibodies (Cy3 donkey-anti-
rabbit, Jackson, West Grove, USA; alexa 488 goat-anti-
guinea pig, Invitrogen, Eugene, USA). For immunofluo-
rescent double labelling, both primary antibodies were
applied together. Similarly, both secondary antibodies
were mixed in the next incubation step. Slides were coun-
ters ta ined wi th 40,6-diamidino-2-phenyl indole ,
dihydrochloride (DAPI 1 μg/ml, Sigma, Hamburg,
Germany) for 30 min at room temperature. Slides were
then rinsed again three times in PBS and washed in
deionised water. Sections were mounted with Kaiser’s
glycerol gelatin (Merck, Darmstadt, Germany) and stored
at 4 °C for microscopic assessment. The specific primary
antibodies were omitted for the controls. No specific
staining of these negative controls was observed.

Fluorescence microscopy analysis

Fluorescent sections were assessed and scanned with a
confocal laser scanning microscope (LSM 710 Duo,
Zeiss, Jena, Germany) and evaluated using the ZEN
2009 software (Zeiss, Jena, Germany). Processing of

exported z-stack slices for 3D animation was performed
using the image-processing program FIJI based on
ImageJ. All parameters concerning the confocal laser
scanning adjustments, laser strength and the image pro-
cessing were identical for all recordings.

Electron microscopy

Uteri of 8–16.5-week-old mice were studied by electron mi-
croscopy. The mice were cycle-monitored and the tissue was
obtained at the oestrous stage. After cervical dislocation, uteri
were excised and dissected in fixative (4% formaldehyde/1%
glutaraldehyde; pH 7.4) (McDowell and Trump 1976). The
samples were then minced into 1–2 mm3 pieces, incubated for
2 h in fixative and for 1 h in 1% OsO4 in 0.2 M phosphate
buffer (pH 7.3).The tissue was then treated with 0.5% uranyl
acetate in 0.05M sodiummaleate buffer (pH 5.2) for 2 h in the
dark. The tissue was dehydrated and embedded in araldite
using acetone as intermedium. Polymerisation was carried
out at 60 °C for 48 h. Semithin sections of 0.35 μm were
obtained using glass knives and stained with toluidine blue.
Ultrathin sections of 50 nm were then prepared with an ultra-
microtome (Reichert Ultracut S, Leica, Wetzlar, Germany)
using diamond knives. To enhance contrast, the sections on
copper grids were first treated with 3% uranyl acetate for
5 min and then with lead citrate solution (according to
Reynolds 1963) for 4 min. Images were taken on an EM 10
(Zeiss) with a digital camera (Olympus, Münster, Germany)
using the iTEM software (Olympus).

Analysis of desmosomes on ultrathin sections

The luminal epithelium of the mouse endometrium was
analysed at a magnification of 63,000. Only epithelial
cells that were cut in a rectangular section with a distinct

Table 1 List of animals; ++,**,
## are siblings Animal

number
Dsg2-
genotype

Age
(weeks)

Ultrastructure Immunohistochemistry

3826 wt/wt 14 + –

3835 wt/wt 11 + +

3896+ mt/mt 9 + +

3898+ mt/mt 9 + +

4009* mt/mt 9 + +

4017* wt/wt 9 + +

4025 wt/wt 10 + +

4178 mt/mt 17 + +

4182# mt/mt 16 + +

4186# wt/wt 16 + +

3851 wt/wt 11 – +

4172 wt/wt 17 – +
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nucleus and a clear apical/basal orientation were evaluat-
ed. No directly adjacent cells were evaluated. The number
of desmosomes per cell was counted on the entire lateral
plasma membrane surrounding the epithelial cell from the
apical to the basal pole. In addition, the width and length
of the two outer dense plaques (ODP) and the width of
the intercellular space were measured. The desmosomes
were analysed with two different methods in each
specimen:

1. Linear measurement with the analysis software of Image-
Pro Plus 5.0

2. Grey scale analysis with the line profile analysis tool of
Image-Pro Plus 5.0

To minimise any bias, the grey scale analysis was per-
formed by the same researcher (MH) blinded for the
specimen.

Statistics

Statistical analyses were performed using GraphPad Prism, ver-
sion 6 forWindows (GraphPad Software Inc., SanDiego, USA).

The mean, the standard error of the mean (SEM) and the
standard deviation (SD) were determined. The unpaired two-
tailed T tests with Welch’s correction were performed for sta-
tistical analysis. P values < 0.05 were considered to be signif-
icantly different.

Results

Macroscopic appearance of wild type and mutant
uteri

The mutation of the DSG2 gene leads to a macroscopically
visible cardiac phenotype which is characterised by dila-
tion of atria and ventricles compared to Dsg2wt/wt animals

(Fig. 1a, c). Moreover, fibrotic lesions can be discerned in
mutant animals (Fig. 1c). In contrast, Dsg2mt/mt uteri of the
same oestrous cycle stage did not reveal any obvious
changes in size or diameter nor in gross morphology in
comparison to Dsg2wt/wt uteri (Fig. 1b, d).

Immunofluorescence analysis of desmosomal
proteins

An immunofluorescence study was performed on cross-sections
of shock-frozen uteri from Dsg2wt/wt and Dsg2mt/mt animals to
analyse the effect of mutant Dsg2 on the expression and
localisation of desmosomes in this simple epithelium.
Both luminal epithelial cells (Fig. 2) and epithelial cells of
the deep peripheral crypts (Fig. 3) were assessed by double
labelling with antibodies against the desmosomal plaque
protein desmoplakin 1/2 (Dsp) and the desmosomal
cadherin Dsg2. In luminal and glandular cross-sections of
the mutant uterine endometrium, the Dsg2 fluorescence sig-
nal was strongly diminished compared to the Dsp staining
intensity (Figs. 2 and 3). However, also the expression of
Dsp was reduced in the mutant mice compared to the wild
type indicating a decreased number of desmosomes.

Ultrastructural morphology of desmosomes

Images of desmosomes were taken in wild type and mutant
mice at the same magnification of 63,000. Figures 4 and 5
show typical desmosomes of the wild type and mutant mouse
uteri. Desmosomes are depicted near the apical surface
(Fig. 4a, c) and more distantly at the lateral plasmamembranes
(Fig. 4b, d).

The broader intercellular space in the mutant desmosome is
readily apparent in Fig. 5. The intercellular space in the des-
mosomes of the mutants (Fig. 5d) is light and without the
dense material known as desmogloea. In the wild type, the
intercellular space is filled with this dense material, although
a midline cannot be discerned.

Fig. 1 Situs of a wild type mouse (wt/wt; a, b) in comparison to a mutant mouse (mt/mt; c, d). Dilation (asterisk) and fibrotic foci (arrowheads) can be
seen in the mutant heart (c). The uterine horns (arrows) of the wild type (b) and the mutant mouse (d) do not differ in gross morphology. Scale bars 5 mm
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Ultrastructural analysis of desmosomes

Desmosomes were counted per cell and their shape was
measured according to certain assumptions as described

in the BMaterial and methods^ section and illustrated in
Figs. 6 and 7. In total, 276 wild type and 319 mutant
endometrial epithelial cells were evaluated. Desmosomes
(895) were counted (wild type 500; mutant 395). The

Fig. 2 Immunofluorescence staining of luminal endometrial epithelial
cells from wild type (wt/wt; a–c) and homozygous Dsg2 mutant
animals (mt/mt; d–f). Uteri were dissected during the oestrous stage.
Double-label staining was performed against Dsg2 and the desmosomal
plaque protein desmoplakin (Dsp) and combined with nuclear staining
(DAPI). In both instances, the desmosomal proteins co-localised (c, f) and
the highest concentration of desmosomal dots was found close to the
lumen (asterisks) in the apical-most regions of the lateral plasma

membranes. Furthermore, the desmosomal dots were equally distributed
along the remaining lateral plasma membranes and also found close to the
basal margin of the epithelial cells in the wild type (arrowhead in b). In
contrast, luminal epithelial cells of mt/mt animals showed a decreased
number of lateral desmosomal dots in the lower regions of the lateral
plasma membranes (arrow in e) indicating a reduced number of desmo-
somes. Overall, the expression level of Dsg2 was reduced in homozygous
mutants compared to the wild type (compare a and d). Scale bar 20 μm

Fig. 3 Cross-sections through
glandular endometrial epithelial
cells from wild type (wt/wt; a–c)
and homozygous mutant animals
(mt/mt; d–f). Uteri were dissected
during the oestrous stage.
Immunofluorescence microscopy
was performed using antibodies
against Dsg2 and the desmosomal
plaque protein desmoplakin (Dsp)
combined with nuclear staining
(DAPI). Dsg2 expression was
strongly diminished in mutant
mice (d). Asterisks: lumen; ar-
rows: lateral plasma membranes;
arrowheads: basal margins of ep-
ithelial cells. Scale bar 10 μm
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mean value ± SEM for the number of desmosomes per
cell was 1.81 ± 0.09 in the wild type and 1.24±0.07 in
the mutant. The means were significantly different: p <
0.0001.

Linear measurement with the analysis
software of Image-Pro Plus 5.0

Of all the counted desmosomes (wild type 180; mutant 209), it
was possible to analyse 389 by linear measurement with the

analysis software of Image-Pro Plus 5.0. The mean ± SEM of
the intercellular space for the wild type was 14.9 ± 0.32 nm
and for the mutant 19.1 ± 0.35 nm (Fig. 7). The means of the
measured width of the intercellular space were significantly
different: p < 0.0001.

In contrast, the means of the measured width and length of
the two outer dense plaques did not change significantly be-
tween wild type and mutant.

The mean ± SEM of the width of the ODP was 17.10 ±
0.19 nm for the wild type and 16.76 ± 0.17 nm, p = 0.20, for
the mutant. The mean ± SEM of the length of the ODP was

Fig. 4 Comparison of typical
desmosomes in the endometrial
epithelium of wild type (wt/wt; a,
b) and mutant mice (mt/mt; c, d).
In a and c, the tripartite junctional
complex consisting of zonula
occludens (ZO), zonula adhaerens
(ZA) and desmosomes (D) can be
seen close to the lumen (L). In b
and d, lower regions of the lateral
plasma membranes are shown.
Scale bar 200 nm
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93.51 ± 1.79 nm for the wild type and 95.18 ± 1.83, p = 0.52,
for the mutant.

Grey scale analysis with the line profile
analysis tool of Image-Pro Plus 5.0.

To confirm the linear measurement data, measurements were
performed with an additional method using grey scale analy-
sis. Out of 100 desmosomes for each genotype, which was
blinded for the observer, 61 desmosomes were evaluated for
the wild type and 71 desmosomes for the mutant. The inter-
cellular space and the widths of the outer dense plaques were
evaluated.

The mean ± SEM of the intercellular space was 15.76 ±
0.31 nm for the wild type and 18.65 ± 0.47 nm for the mutant

(Fig. 7). The means of the measured width of the intercellular
space were again significantly different: p < 0.0001.

In contrast, the means of the measured width of the two
outer dense plaques did not differ between wild type and
mutant. The mean ± SEM of the width of the ODP was
16.46 ± 0.23 nm for the wild type and 16.46 ± 0.24 nm for
the mutant, p = 0.99.

Discussion

This is the first study to investigate the influence of Dsg2
mutation on the structure and number of desmosomes in
the simple epithelium of the mouse uterine endometrium.
Ultrastructural and immunohistochemical analysis was
performed, and the analysed data were statistically

Fig. 5 Comparison of
desmosomal intercellular spaces
(ICS) in endometrial epithelium
of wild type (wt/wt; a, b) and
mutant mice (mt/mt; c, d). In wild
type animals, the intercellular
space of desmosomes shows an
electron-dense structure (b),
which cannot be identified in
desmosomes of mutant animals
(d). Scale bars 200 nm
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evaluated. The ultrastructural measurements included the
width and length of the two outer dense plaques and the
width of the intercellular desmosomal space. The distribu-
tion and intensity of the desmosomal plaque protein des-
moplakin and the mutant cadherin desmoglein 2 were de-
tected by immunofluorescence.

Dsg2 immunofluorescence was strongly reduced in the
luminal and glandular uterine epithelium of homozygous
mice lacking parts of the extracellular EC1/EC2 domains
of the Dsg2 protein but Dsp immunofluorescence was
also diminished indicating a reduced number of desmo-
somes. Morphometric analysis at the ultrastructural level
also revealed a reduction of desmosomes per cell, i.e., to
68% compared to the wild type. By means of further
electron microscopy evaluation, the length and width of
the outer dense plaques were measured. These plaques
did not differ from the desmosomal plaques of the wild
type indicating that this mutation of Dsg2 does not inter-
fere with plaque formation (Fujiwara et al. 2015;
Lowndes et al. 2014).

By measuring the intercellular desmosomal space, a
significantly wider extracellular gap was detected in the
mutant mice. This is in accordance with the findings of
Kant et al. (2012), who observed a widening of the inter-
cellular space in intercalated discs of Dsg2-mutant hearts.
Studies on endomyocardial biopsies of patients with ar-
rhythmogenic right ventricular cardiomyopathy (ARVC)
(Basso et al. 2006; Pilichou et al. 2006) also revealed a
decreased number of desmosomes and widening of the
intercellular desmosomal gap.

One of the first descriptions of the dimensions of the
intercellular space was given by Farquhar and Palade

(Farquhar and Palade 1963), who determined its size to
be about 24 nm. The references to the calculated distances
vary according to the different methods of embedding and
treating the tissues as well as between the different tissue
specimens. This variability may be caused by different
degrees of fixation-induced tissue shrinkage (North et al.
1999). The lowest values for the intercellular space range
from 15 to 25 nm for conventional transmission electron
microscopy to 35 ± 3 nm (Al-Amoudi et al. 2007) for
cryoelectron microscopy of vitreous sections.

In our study, the mean value for the intercellular space
obtained by linear measurement was about 15 nm for the wild
type and about 19 nm for the mutant. In addition, measure-
ments were confirmed by grey scale analysis and performed
blinded to avoid any bias.

The main result of the ultrastructural analysis in our study
was the significant difference between the width of the inter-
cellular space of wild type and mutant.

In the Dsg2 mutant mouse, exons 4–6 are lacking and
exon 3 is spliced in frame to exon 7 (Krusche et al. 2011).
Therefore, important domains that are known to partici-
pate in cis- and trans-interaction, notably, the main N-gly-
cosylation site and one of the calcium-binding domains
are missing. We therefore propose that the mutated Dsg2
is less adhesive.

Though the cadherin-specific conserved amino acid trypto-
phan2, which has a special function in the trans-interaction of
cadherin-domains adhering at the hydrophobic region, was
not deleted, all amino acids that code for the hydrophobic
binding are lacking.

In addition, also the amino acids that are responsible
for the cis-interaction of the cadherin domains (Boggon

Fig. 6 a Electron microscopy of endometrial epithelium showing a
typical longitudinal section of an epithelial cell (coloured), which was
evaluated for desmosomes at the lateral cell membranes according to
the criteria mentioned above. Scale bar 10 μm. b Each cell analysed
was one cell distant from the next evaluated cell. The desmosomes at

the lateral membranes per cell were counted. The mean value for the
number of desmosomes per cell was 1.81 ± 0.09 for the wild type and
1.24 ± 0.07 for the mutant animals. The difference between the two
groups was significant: *p < 0.0001
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Fig. 7 Linear measurement and grey scale analysis. a Electron microscopy
of a typical desmosome with coloured structures: Green: KF keratin
filaments; red: ODP outer dense plaques; yellow: PM plasma membranes;
blue: ICS intercellular space. Measurements of the length and width of the
outer dense plaques and the intercellular space are indicated bywhite lines. b
Comparison of linear measurement vs grey scale analysis. The red lines
indicate the measured dimensions. The graph (white line) indicates the
intensity plot of the grey scale analysis. b′ Schematic depicting the
differences in measurements due to the composition of the lipid bilayer. In
the linearmeasurement, the intercellular space ismeasured between the outer
margins of the two adjacent plasma membranes. In the grey scale analysis,
the intercellular space is measured between the relative minima in intensity

(darker areas) of the outer leaflets of the lipid bilayers of adjacent cells.
Therefore, the measurement of the grey scale analyses leads to a higher
value (+ x) for the intercellular space compared to linear measurement. c,
d Mean length ± SEM (c) and mean width ± SEM (d) of the outer dense
plaques (ODP) showed no significant difference between the wild type and
mutant animals. eMean ± SEM of the desmosomal intercellular space (ICS)
for the wild type and the mutant. The difference is significant: *p < 0.0001. f
Mean ± SEM of the desmosomal intercellular space (ICS) evaluated by the
two different measurements, the linear measurement and the grey scale
measurement. The difference obtained by each method differs significantly
(*p < 0.0001) between the wild type and mutant
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et al. 2002) are missing in the mutated Dsg2 (Holthofer
2007).

The deleted parts of Dsg2 are important for adhesion
through homo- and heterophilic desmosomal cadherin in-
teractions. The partial loss of extracellular domains of
Dsg2 probably results in reduced overlap of homophilic
cis- and trans-interactions as well as heterophilic interac-
tions with desmocollin 2 leading to a widened intercellu-
lar space with reduced cellular adhesion as illustrated
schematically in Fig. 8.

Furthermore, in the Dsg2 mutant mouse, which lacks sub-
stantial parts of the extracellular EC1–EC2 domains of the
desmosomal cadherin, no electron-dense midline could be de-
tected, whereas in wild type animals, the intercellular space of
desmosomes shows an electron-dense structure.

In a previous study by our group, we showed that the den-
sity and distribution of desmosomes in human uterine epithe-
lium are hormonally regulated during the menstrual cycle
(Buck et al. 2012). In addition, a functional correlation be-
tween desmosomes and embryo implantation has been de-
duced from animal studies (Illingworth et al. 2000; Preston
et al. 2004, 2006) and from cell culture experiments using
human cells (Buck et al. 2015).

In the present work, we showed that truncation of the des-
mosomal cadherin desmoglein 2 led to a visible change on the
ultrastructural level and to a significant reduction in desmo-
somes per cell. These results might explain to some extent the
reduced fertility of homozygous Dsg2mt/mt mice, which re-
mains to be further investigated.

Compliance with ethical standards

Ethical approval All procedures performed in studies involving animals
were in accordance with the ethical standards of the institution or practice
at which the studies were conducted. This article does not contain any
studies with human participants performed by any of the authors.
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