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Abstract 

Changes of calcium-content and permeability of tight 
_junction following X-irradiation were investigated in mouse 
intestinal epithelial cells by electron microscopy. In the control 
animals the lower parts of tight _junctional area as well as the 
other junctional elements and the intercellular space are labeled 
by pyroantimonate precipitates, which contain calcium as 
revealed by electron spectroscopy and electron energy loss 
spectrometry. X-irradiation, parallel with morphological 
changes, lead to rapid decrease of pyroantimonate pre­
cipitable calcium content and increase of the permeability of 
tight junctions indicated by the penetration of ruthenium red 
into the intercellular space. These changes were readily 
reversible following 0,5 Gy doses of irradiation however, they 
persisted up to 24 hours following 5 Gy irradiation. We 
conclude that irradiation at the applied doses can transiently 
destabilize the tight junctions in the epithelial layer of the small 
intestine, presumably through a calcium dependent mech­
amsm. 
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Introduction 

The plasma membranes of neighboring epithelial cells 
exhibit a specialized junctional region that plays a role in cell­
cell adhesion, control of transepithelial permeability, and 
lateral mobility of membrane domains and contribute to 
intercellular transport of small molecules ( cell commum­
cation). The junctional complex of polarized epithelium 
consists of several components including tight junction, 
intermediate (adherens) junction, desmosome and gap 
junction, which are arranged in a well defined order and 
characterized by distinct molecular composition, ultrastructure 
and function (Farquhar and Pallade, 1963; Staehelin, 1974; 
Dragsten et al., 1981; Peracchia and Bernardini, I 984; 
Garrod, 1986; Cereijido et al, 1988; Parry et al, 1990; Geiger 
and Ginsberg, 1991 ). The tight junctions are found at the 
apical (luminal) part of adjacent epithelial cells (Farquhar and 
Pallade, 1963; Staehelin, I 974; Hauer-Jensen, 1990). The 
neighboring membranes fuse with one another at one or more 
points form a belt around the cells. According to freeze­
fracture images the intra-membrane proteins of tight junction 
appears as fibrils which fuse with the corresponding ones on 
the adjacent cells like a zipper (Fig. I) (Staehelin and al., 
1969; Staehelin, 1974; Wade and Kamovsky, 1974; Bullivan, 
I 978; Suzuki and Nagano, 1991 ). Two proteins, ZO-1 and 
cingulin associated with tight junctions were recently 
described (Stevenson et al., 1986; Citi et al., 1989; Citi, 
1992) The tight junctions are essential in the establishment of 
a selective permeability barrier for passage of ions and small 
molecules between luminal and intercellular spaces 
(Gumbiner, 1987; Cereijido et al., 1988), and thus regulate 
the resistance (Madara and Dharmsthaporn, 1985; Madara, 
1990). They restrict lateral mobility of membrane domains in 
the adjacent plasma membranes and in this way contribute to 
the maintenance of membrane polarity (Hoi-Sang et al., 1980; 
Dragsten et al., 1981; Tournier et al., 1989; Parry et al., 
1990). Several lines of evidence indicate that the tight junc­
tions are dynamic in structure and functions (Meyer et al., 
I 988; Shivers et al, 1988; Kan and Coleman, 1990; Nilsson 
et al., 1991; Citi, 1992; Jinguji and Ishikawa, 1992), i. e. they 
are modulated by physiological and pathophysiological 
effectors (reviewed by Nilsson et al., I 991 ), physical agents, 
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such as mechanical stress (Rhodes and Karnovsky, 1971, 
Pitelka and Taggart, 1983), ambient pressure on blood vessels 
(Majack and Bhalla, 1981; Mi.ihleisen et al., 1989), tempera­
ture (Shivers et al., 1988; Cohen et al., 1990) and 
pharmacological treatments (Bentzel et al , 1980; Mullin and 
McGinn, 1987; Hecht et al., 1988; Kan and Coleman, 1990; 

Mullin and Snock, 1990). The mechanism(s) of regulation of 
tight junction permeability is not known exactly. However, 
there are data suggesting that multiple factors including 
cytoskeletal elements (Bentzel et al., 1980; Meza et al., 
1982; Hecht et al., 1988), the cAMP system (Jacobson, 1979; 
Duffey et al., 1981 ), the activity of protein kinase C (Mullin 
and McGinn, 1987; Citi, 1992), and the calcium content of 
the cells are involved (Sedar and Forte, 1964; Meldolesi et al., 
I 978; Palant et al., 1983; Pitelka et al., 1983; Kan and 
Coleman, 1988; Nilsson, I 991 ). Permeability changes of tight 
junction were observed after facilitated movements of calcium 
across the plasma membranes (Kan and Coleman, 1988), and 
following removal of the calcium by chelating agents (Sedar 
and Forte, 1964; Meldolesi et al., I 978; Palant et al., 1983; 
Pitelka et al., 1983; Nilsson, 1991) Several reports indicate 
that the intercellular contacts are targets of ionizing radiation 
(Durand and Sutherland, 1972; Hinz and Dertinger, 1983; 
Rofstad and Sutherland, 1988; Kwok and Sutherland, 199 I) 
Some experimental data are available about functional alter­
ations. Increased vascular permeability of macromolecules and 
loss of the intestinal barrier for bacteria, bacterial toxins and 
proteolytic enzymes point to changes in tight junctions fol­
lowing irradiation (Quasler, 1956; Levin et al., 1979; 
Hopewell, 1980; Evans et al., 1986; Spence et al., 1987) 
Irradiation is known to alter cell-cell contacts and cell 
substratum adhesion, probably via structural changes of 

adherens junctions and desmosomes responsible for mechan­
ical stability of cell contacts (Somosy et al 1987). The ra­
diation induced changes of gap junction mediated cell 
communication may result in tumorous transformation of cells 
(Trosko et al. 1990) and there is a relationship between the 
changes in intercellular transport via gap junctions and repair 
capacity of murine B 16 melanoma cells after irradiation 
(Madhoo and Blekkenhorst, 1989). The present study was 
undertaken to examine the radiation induced permeability 
changes in parallel] with the distribution and amount of 
calcium in the junctional complex of the highly polarized cells 
of mouse small intestine in which the functional consequences 
of irradiation have already been described (Quasler, 1956; 
Hauer-Jensen, 1990; Carr et al., 1991 ). 

1 

TI/J!/T 

JUNCTION 

.... :~-

/lO PROWN 

CING/JLIN 

: _{t.:::·., -CYTOSKWTAL 

.· ,!/<:~}::· {/LAM[NT 

.. ,PlMMAMfMBRAN[ 

_,,.,- .-[XTRACElWlAR J'PAC[ 

~INTRAC£ll/JlARJ'IO[ 

Figure 1. Model of tight junction based on the recent lit­
erature data. 
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Materials and Methods 

Animals: 
The animals (CFLP male mice) were maintained under 
laboratory standard conditions. They were arranged in groups 
of 3 animals and irradiated as indicated below. The experi­
ments were carried out in two parallels. 
Irradiation 
The mice were total body X-irradiated with 0,5 and 5 Gy 
doses and killed by cervical dislocation, 30 minutes, I, 3 and 
24 hours after irradiation. X-irradiation was performed with a 
THX-250 machine. Conditions: 200 kV, half value layer 1.0 
mm Cu, source-surface distance 90 cm, dose rate 0,317 Gy 
water.min- 1. 
Electron microscopy: 
From each animal, three pieces of small intestine from the 
duodenal region (about 0.5 cm) were taken for investigation. 
One of them were fixed for conventional electron microscopic 
investigation by 0.1 M phosphate buffered 5 vol.% 
glutaraldehyde (pH 7.3) at 4 C, and postfixed in l wt.% OsO4, 
buffered by same buffer. The other two samples were fixed for 
as described below. After fixations the tissues were de­
hydrated through a graded series ethanol to propylene oxide, 
and embedded in Durcupan AC (Fluka). The sections cut with 
diamond knives on an LKB ultratome and mounted onto 400-
mesh zinc grids for electron spectroscopic imaging (ESI) and 
electron energy loss spectrometry (EELS) investigations and 
on 300-mesh copper grids for transmission electron 
microscopy The ES! and EELS investigations were carried 
out in a Zeiss CEM 902 electron microscope, and JEOL 
l 00CX electron microscope were used for routine 
examinations. 

Cytochemistry: 
I. The permeability changes of epithelium were investi-gated 

by the tracer molecule ruthenium red, (Luft, 1971; Hurtando 
de Mendoza and Moreno, I 99 I; Clough, 1991 ). The tissues 
were fixed in a mixture of 2.5 vol¾ glutaraldehyde and 0.5 
wt.% ruthenium red (Fluka) in 0 l M cacodylate buffer, pH 
7.4 for 2 to 4 hours and postfixed in l wt.% OsO4 and 0.5 
wt.% ruthenium red in the same buffer for 2 to 4 hours. 
2. The localization of calcium was demonstrated by the 

potassium pyroantimonate method according to Eisenmann et 
al ( 1979). The pieces of small intestine were immersed in ice 
cold 2% glutaraldehyde (Merck) buffered with potassium 
acetate (Reanal), and contammg 0.05M potassium 
pyroantimonate (Merck) for 1-2 hours, rinsed in potassium 
acetate buffer and postfixed in 1% OsO4 containing 0.05 M 
potassium pyroantimonate for I hour. 
Microanalysis: 
Since the specificity of the potassium pyroantimonate reaction 
is poor, and the elemental content of reaction product is 
influenced by the reaction conditions (buffer, pH, time) 
(Simson and Spicer, l 975), it was necessary to check the 
calcium content of reaction products by independent methods. 
For this purpose we used electron spectroscopic imaging and 
electron energy loss spectro-metry. 
I. Electron spectroscopic imaging: Ultrathin sections (40-50 
nm) were cut, using a diamond knife, on a LKB ultratome. 
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The sections were mounted onto 400-mesh zinc grids and 
without additional staining analyzed in a Zeiss CEM 902 
electron microscope equipped with a digital-image analysis 
system (IBAS 2.0, Kontron). The images were collected at 
instrumental magnification 20,000x and 50,000x, using 80 
kV accelerating voltage, an objective lens diaphragm 90 µm, a 
spectrometer entrance diaphragm of 650 µm and a slit­
diaphragm with 9-10 eV. During image recording fixed pre­
sets of TV camera setting (gain, kV, black level) were used, in 
"manual" remote control mode of the camera (SIT DAGE), to 
guarantee constancy of the parameters during recording of 
images. Electrons with energy-loss value of 250 eV were 
selected for structural imaging, while the net calcium dis­
tribution was derived in each case from images recorded at 
360 eV and 330 eV energy-loss values. Shading correction for 
uneven illumination was performed in each individual image 
using a defocused image. Corrected images, recorded below 
and at the calcium edge, were then subtracted in order to 
obtain the net calcium distribution at a given field of view. 

2. Electron energy loss spectrometry: Spot analyses were per­
formed on selected electron-dense precipitates in order to 
provide additional analytical proof to the two-dimensional dis­
tribution data obtained by the EST method. The same sections 
which served for electron-spectroscopic imaging were utilized 
for EELS measurements. The electron microscopic param­
eters were as: 80 kV accelerating voltage, 50.000x primary 
magnification, analyzed area of::; 0,59 µm2 , 90 µm objective 
diaphragm, 300 µm spectrometer entrance diaphragm and 2 
eV slit width. The transmitted electrons were detected with a 
photomultiplier tube installed into the photocamera chamber of 
the EM. All spectra were recorded in the same energy loss 
range, between 300 eV and 360 eV with a dwell time of3s per 
channel of 2 eV. The spectrum recording and evaluation 
were performed with the EELS 1.3 program of the image 
analyzer. 

Results 

Specificity of pyroantimonate reaction: 
The EST technique was applied in order to demonstrate the co­
distribution of the electron dense precipitates and its calcium 
contents. Figure 2a is the zero-loss image taken around 0-1 O 
eY. Fi!,>ure 2b is the calcium net intensity distribution image, 
acquired by subtraction of the pre-edge image take at 330 eV 
from the post-edge image acquired at 360 eV. Images are 
taken directly after each other with the calcium-net intensity 
image (Fig. 2b). Comparing Fig. 2b with Fig. 2a, it turned out, 
that in can be assumed in Fig. 2b represent the calcium inside 
the pyroantimonate precipitate in Fig. 2a as some of the 
particles present in Fig. 2b are co-distribution with these with 
Fig. 2a. The spot analyses of electron dense precipitates 
performed on the same areas (as in Fig. 2a) by electon energy 
loss spectrometry strengthen this conclusion (Fig. 2c). 
Morphology and potassium pyroantimonate reaction: 
The epithelium of the small intestine consists of one single 
layer of polarized columnar epithelial cells (Fig. 3A). Among 
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which these ones single goblets cell (Fig. 3A) were dispersed. 
Rarely, apoptotic cells were also seen (Fig. 3B). The apical 
(luminal) surface of the epithelial cells is covered by numerous 
microvilli (brush border) (Fig. 3A.). The tight junctions were 
situated at the apicolateral transition of plasma membrane, and 
appeared as multiple bands of the so-called membrane fusion 
between the opposed plasma membranes (Fig. 4). Immediately 

below the tight junction the adherents junction is located. It is 
characterized by an about 20 nm wide intercellular space, and 
a dense, fibrillar material covering the cytoplasmic side of the 
plasma membrane. Beneath adherent junctions one or more 
typical desmosomes can be observed (Fig. 4). The lateral 
plasma membranes of the cells form interdigitations (Fig. 3A, 
Fig. 4 insert). The calcium containing pyroantimonate 
precipitates were found on the microvilli (Figs. 4, 6), on the 
basal lamina (not shown) and in the intercellular space between 
adherents junctions and desmosomes (Fig. 4). The 
interdigitations of the lateral plasma membrane also showed a 
strong labeling by the pyroantimonate reaction (Fig. 3A, Fig. 4 
insert). Rarely, small deposits of the reaction products were 
seen at the bottom part of the tight junctions (Fig. 4). Inside 
the cells the reaction products are usually localized at the 
cytoplasmic side of desmosomes (Fig. 4) and intermediate 
junctions (not shown). In addition, a small number of electron­
dense reaction products are seen on the mitochondria and 
scattered in the cytoplasm. Apoptotic epithelial cells (Fig. 3B) 
and goblet cells (Fig. 3A) were heavily labeled by 
pyroantimonate precipitates. 1-3 hours after X-irradiation at 
0.5 and 5 Gy doses slight dissociation of tight junctions and 
dilatation of intercellular spaces between the intermediate 
junctions were seen (Fig. SA, B). Parallel to these 
morphological changes, the X-irradiation leads to a decrease 
and/or disappearance of pyroantimonate reaction products 
from intermediate junctions, desmosomes and from other 
regions of intercellular spaces (Figs. SA, B). The reduced 
staining pattern is observable during 24 hours following 5 Gy 
irradiation (Fig. 6). However, 24 hours after 0.5 Gy 
irradiation, the ultrastructure of the junctional region, and the 
distribution and amount of pyroantimonate precipitates 
became similar to the control (Fig. 7). It is obvious that, in 
parallel both radiation-induced decrease of the extracellular 
calcium level, the cytoplasmic calcium content increased. 
Particularly, dense deposits were seen on mitochondria and the 
reaction products on the internal face of plasma membrane 
were observed (Figs. 5, 6). 
Penetration of ruthenium red: 
In the control animals ruthenium red produces intense staining 
on the luminal surface of the small intestine. However, this 
cationic dye does not enter into the intercellular space (Fig. 
8A). On the other hand the electron dense deposits of 
ruthenium red appear in the tight junctional area (Fig. 8B) as 
well as in the intercellular space after 0.5 or 5 Gy X­
became similar to the control (Fig. 7). It is obvious that, in 
parallel both radiation-induced decrease of the extracellular 
calcium level, the cytoplasmic calcium content increased. 
Particularly, dense deposits were seen on mitochondria and the 
reaction products on the internal face of plasma membrane 
were observed (Figs. 5, 6). 
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Figure. 2. Electron __ spectroscopic images (a,b) and electron energy loss spectrum (c) of 
pyrnant1monate prec1p1tates. The 2a zero-loss image, 2b calcium net-intensity image, in 2a a circle 
indicate analyzed area from which spectrum 2c is acquired Bars= 0.5 pm 

Penetration of ruthenium red: 
In the control animals ruthenium red produces intense staining 
on the luminal surface of the small intestine. However, this 
cationic dye does not enter into the intercellular space (Fig. 
8A). On the other hand the electron dense deposits of 
ruthenium red appear in the tight junctional area (Fig. 88) as 
well as in the intercellular space after 0.5 or 5 Gy X­
irradiation. 24 hours after a 0,5 Gy dose of irradiation the 
intercellular space becomes again impermeable to the dye (Fig. 
9A). However, the tight junctions remain leaky up to 24 hours 
following irradiation with a dose of 5 Gy (Fig. 9B). Ruthenium 
red does not enter into the intracellular compartment. 
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Discussion 

The plasma membrane is one of the primary targets of 
radiation in cells (Koteles et al, 1983; Edwards et al, 1984; 
Somosy et al. 1987) and ionizing radiation can induce changes 
in the function and/or supramolecular organization of the 
membrane (Szekely et al, 1982; Koteles et al., 1983; 
Edwards et al, 1984; Somosy et al, 1987; 1988; Seed and 
Niiro, I 991; Gorodetsky et al, 1992;).The pyroantimonate 
reaction is widely used histochemical method for the 
determination of calcium in cells and tissues (Satir and Gilula, 
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Figurt' 3. 3A: Overview ofunirradiated small intestine. MV = microvilli, N = nucleus, GC 
goblet cell, CC = columnar epithel cells. 3B: The apoptotic cell (arrows) contain a large 
amount of pyroantimonate precipitable calcium in the nucleus (N), in mitochondria (M) and in 
the cytoplasm. Bar. A= I pm, B = 0.5 ~lm 

1970; Clark and Ackerman, 1971, Simon and Spicer, 1975; 
Eisenmann et al, 1979; Appleton, 1988; Kogaya and 
Furuhashi, (1988) The ES! and EELS results shown here are 
indicative for the presence of calcium in the pyroantimonate 
precipitates These results are in accordance with similar (ES! 
and EELS) observation of other objects in biology(Peute et al, 
1990; Zivkovic et al, 1990, DeBruijn et al, 1993). In spite of 
the criticism that can be attributed again the method applied 
(viz. subtraction of two images) the presence of calcium seems 
to be shown positively, as this method underestimates the net­
intensity values. The variations in calcium positive granules 
might be due to this underestimation or due to absence of 
calcium in some granules. Earlier studies about the calcium 
concentration in the intestinal mucosa have used X-ray 
microanalysis, (von Zglinicki and Roomans, 1989) and 

histochemical techniques based on the pyroantimonate reaction 
(Satir and Gilula, 1970). Calcium is localized on and/or 
between the lateral plasma membranes of a wide variety of 
epithelial cells (Kogaya and Furuhashi, 1988; Mentre and 
Halpern, 1989; Satir and Gilula, 1970; Oschman and Wall, 
1972; Eisenmann et al, 1992). The presence of calcium 
binding proteins in the adherents junctions and desmosomes is 
also known (Garrod, 1986; Geiger and Ginsberg, 1991) 
Our observations, on the co-localization of Ca2+_ containing 
pyroantimonate precipitates agree with these data. There is a 
problem concerning the possible translocation of water­
soluble calcium in the cells or tissues during the fixation and 
histochemical reaction. The observed high Ca2+ content of the 
goblet and apoptotic epithet cells is not likely to be caused by 
diffusion of Ca2+ during th.is procedure. As the known 



Z. Somosy, J. Kovacs, L. Sikl6s, G.J. Koteles 

Figure 4. Cell junctional complex, untreated control. TJ = 
tight junction, IJ = intermediate junction, D = desmosome. 
Pyroantimonate precipitates are seen at bottom part of TJ, and 
the intercellular space of IJ and D, and other regions. The 
cytoplasmic side of desmosomes is rarely labelled with 
pyroantimonate precipite (insert). Bars: = 0.15, insert 0.2 µm. 

increase in calcium content of apoptotic cells with increased 
membrane permeability could be by this histochemical 
reaction, this suggests that the calcium content and distribution 
in other cells or intercellular spaces is not changed by the 
preparatory procedure. 
Calcium as a known intracellular mediator is involved directly 
or indirectly in some essential physiological processes. Among 
others, the changes of local calcium concentration can 
modulate the functions and/or structure of the elements of 
junctional complex (Sedar and Forte, 1964; Meldolesi et al., 
1978; Palant et al., 1983; Pitelka et al., 1983; Garrod, 1986; 

Figure 5. Cell junctional complex in irradiated (A: 0.5 Gy, I 
hour), 5 Gy, 1 hour (B) small intestine. The amount of 
pyroantimonate precipitates is decreased, the intermediate 
junctions (IJ) are dilated (A, B). D = desmosome, M = 
mitochondrium, TJ = tight junction. The arrow indicate the 
pyroantimonate precipitates located on the iner face of plasma 
membrane. Bars: = 0.5 ~1m. 

Geiger and Ginsberg, 1991; Nilsson, 1991 ). However, the 
exact relationship between the decreased calcium content and 
the loss of barrier function is not clear, since in this part of the 
junctional complex calcium binding structural proteins are 
absent. We assume in agreement with Nilsson ( 1991 ), that 
leafiness of tight junctions following the extracellular Ca2+ 
depletion is secondary to the disruption caused by calcium­
dependent adherents junction. In addition to Ca2+ -dependent 
mechanisms the structural and functional integrity of tight 
junctions may be regulated by protein kinase C (Mullin and 
McGin, 1987; Mullin and Snock, 1990), cyclic AMP signal 

966 
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Figure 6. Cell junctional complex in irradiated (5 Gy, 24 
hours) small intestine. The amount of pyroantimonate 
precipitates decreased, the intermediate junction (11) dilated. 
TJ = tight junction, D = desmosomes. Pyroantimone deposits 
located at the inner surface of lateral plasma membrane are 
indicated by an arrow. Bar: = 0.5 pm. 

Figure 7. Cell junctional complex of irradiated (0 5 Gy, 24 
hours) small intestine.The fine structure and calcium content of 
junctional region similar is to that of the control. TJ = tight 
junction, IJ = intermedate junction, D = desmosome, M = 
mitochondria. Bar: = 0.25 pm. 

Figure 8. Ruthenium red stammg of control (A) and X­
irradiated (0,5 Gy, I hour) small intestine (B). The dye is 
excluded from the intercellular space ( ➔) of control tissue, but 
is present between the cells of X-irradiated animals (*). 
Unstained material. Bars: A= 0.5 pm, B = 0.3~1m. 
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Figure 9. Ruthenium red staining 24 hours after irradiation 
with 0.5 Gy (A) and 5 Gy (B). The dye is absent in the 
inten;ellular space of the former sample ( ➔ ), but is present in 

later one(➔). Unstained material. Bars: 0.5 pm. 

t~ansduction systems (Jacobson, 1979; Duffey et al., 1981 ), 
h1sta111111e (Willoughby, 1960), and cytokins (tumor necrosis 
factor, interleukin I, y interferon) (Cotran and Pober 1992· 
Mullin et al., 1992) The relationship between these d,ifferen; 
possible regulatory mechanisms is not clear. Recently, Citi 
supposed ( 1992), that tight junctional permeability may be 
regulated by the extracellular Ca2+ level which can act both 
. C 2+ b. di via a 111 ng molecules of the junctional complex and 

through the Ca2+ - modulated signal transduction pathway 
mvolvmg cAMP and protein kinase systems. Tn addition 
Mullin et al. ( 1992) suggested, that at least two differen~ 
mechanisms regulate the tight junction permeability; i.e. they 
resulted that mcrease oftransepithelial permeability induced by 
tumor necrosis factor diminished faster than the same effect 
was induced by protein kinase C activators (Mullin et al., 
1992). 

The lethal doses of irradiation caused the total loss of barrier 
functions of small intestine in experimental animals and made 
the passing of bacteria, bacterial toxins and proteolytic 
enzymes through the epithelial layer possible. This might be 
dire~t _cau~es of intestinal radiation death (Quasler, 1956). 
Radiation induced pathophysiological changes in the vascular 
system may lead to the death of the organism, too (Fanger and 
Lushbaugh, 1967). Non-lethal doses of irradiation induced 
increased permeability of water, ion and proteins and damage 
of the junctional complex have already been described in small 
intestine and other vascular tissues (Levin et al., 1979; 
Hopewell, 1980; Evans et al., 1986; Spence et al., 1987; 
Fajardo., 1989; Hauer-Jensen 1990; Peterson et al., 1992). 
This changes were followed by segmental separation of 
endothelium from the basement membrane, scattered 
vacuoles and blebs within the endothelium, subendothelial and 
interstitial edema and finally caused by late radiation fibrosis 
(Evans et al., 1986; Hauer-Jensen, I 990). 
The main result of our studies presented here is that even 
small dose of in vivo X-irradiation, also can alter the 
organization and function of tight junction in mouse small 
intestine, may be via the decreased calcium content. According 

to experimental data irradiation can act through other possible 
regulating factor of paracellular transport, i.e. more released 
histamine and cytokins (Evans et al., 1986; Fajardo, 1989; 
Hallahan et al,. 1989), and increased activity of protein kinase 
C (Hallahan et al., 1991; 1992 a, b; Kim et al., 1992) The 
relationship between the decreased calcium content and the 
effects of released biologically active mediators and activity 
changes of protein kinase C is not exactly clear. However, 
recently a few data were reported about it , i.e. the histamine 
induced a dose-dependent mobilization of calcium from 
internal stores and enhanced entry of extracellular calcium 
(Crawford et al., 1992), respectively, the concentration of 
intracellular calcium a important factor in regulation of protein 
kinase C activity (Sando et al., 1992) Therefore we think, that 
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the rapid increase of intestinal permeability upon irradiation 
with low doses may due to a transient loss of Ca2+ in the 
junctional area, as we resulted, and conceivable the effects of 
tumor necrosis factor. High doses of irradiation evoke a long 
lasting calcium decrease, as we also show here, which is 
caused some indirect changes via different signal transduction 
systems (i.e. protein kinase C) and/or released biological 
mediators (histamine). As we have shown in the results, in 
parallel with the radiation-induced decrease of the intercellular 
calcium content, there is a slight increase of cytoplasmic 
calcium content in surviving cells, and a high calcium content 
in the formed apoptotic cells. Presumably this calcium is 
extracellular origin. We plan to investigate the mechanisms of 
this hypothetical calcium uptake in the future. 

Acknowledgment 

The authors gratefully acknowledge the interest and 
support of Professor Dr. L. B. Sztanyik, Director-General of 
the Institute. This study was partially supported by grants 
from the Hungarian National Science Found (OTKA 916) and 
PHARE ACCORD Found (0472). 

References 

Appleton J ( 1988) The ultrastructure of dentine from 
rat incisors following exposure to sodium fluoride and 
potassium pyroantimonatc staining. Scanning Microsc. 2, 
2045-2054 

Bentzel CJ, Hainau B, Ho S, I fui SW, Edelman A, 
Anagnostopoulos T, Benedetti EL ( 1980) Cytoplasmic 
regulatwn of tight junction permeability: Effect of plant 
cytok,rnns. Am. J. Physiol. 239, c75 - c89. 

Bullivan S ( 1978) The structure of tight junction. In: 
Electron Microscopy HT. Ninth International Congress on 
Electron Microscopy, Toronto, ed Sturges JM, pp. 659-672. 

Carr KE, McCullogh JS, Nunn S, Hume SP, 'clson 
AC (1991) Neutron and X-ray effect on small intestine 
summarized by using a mathematical model or paradigm. Proc. 
R. Soc. Lond. B. 243, 187-194. 

Cereijido M, Gonsales-Mariscal L, Avila G, Contreras 
RG ( I 988) Tight junctions CRC Crit. Rev Anat. Sci. I, I 71-
192. 

. . Citi S ( 1992) Protein kinase inhibitors prevent junction 
d1ssoc1ated mduced by low extracellular calcium in MOCK 
epithelial cells. J Cell Biol. 117, 169-178. 

. . Citi S, Sabanay H, Kendrick-Jones J, Geiger B ( 1989) 
Cmgulm: characterization and localization. J. Cell Sci 93 
107-122. . , 

Clark MA, Ackerman GA ( 1971) A histochemical 
evaluation of the pyroantimonate-osmium reaction. J. 
Histochem. Cytochem. 19, 727-737. 

Clough G ( 1991) Relationship between microvascular 
permeability and ultrastructure. Prog. Biophys. Molec. Biol. 
55, 47-69. 



Tight Junction in Epithelial Cells Upon Irradiation 

Cohen E, Ophir I, Henis YI, Bacher A, BenShaul Y 
( 1990) Effects of temperature on the assembly of tight 
junctions and on the mobility of lipids in membranes of HT29 
cells. J. Cell Sci. 97, I 19-125. 

Cotran RS, Pober JS ( 1992) Recent insights into the 
mechanisms of vascular injury. Implications for the 
pathogenesis of vasculitis. In "Endothelial Cell Dysfunction" 
ed. by Simionescu and Simionescu M, Plenum Press, New 
York, pp. 183-189. 

Crawford KM, MacCallum DK, Ernst SA ( 1992) 
Histamine HI receptor-mediated Ca2+ signaling in cultured 
bovine corneal endothelial cells. Invest. Ophthalmol. Vis. 
Sci. 33, 3041-3049. 

DeBruijn WC, Ketelaars GAM, Boeve ER, Sorber 
CWJ, Cao LC, Schroder FH (1993) Electron energy-loss 
spectroscopical and image analysis of experimentally induced 
rat microliths II l Urol. 149, 900-905. 

Dragsten PR, Blumenatal R, Handler JS ( 1981) 
Membrane asymmetry in epithelia: is the tight junction a 
barrier to diffusion in the plasma membrane? Nature 294, 718-
722. 

Duffey ME, Hainau B, Ho S, Bentzel CJ ( 1981) 
Regulation of epithelial tight junction permeability by cyclic 
AMP. Nature 294, 451-453. 

Durand RE, Sutherland RM ( 1972) Effect of 
intercellular contact on repair of radiation damage. Exp. Cell 
Res. 71, 75-80. 

Edwards JC, Chapman D, Cramp WA, Yatvin MB 
( 1984) The effects of ionizing radiation on biomembrane 
structure and function. Prog Ciophys. Molec. Biol. 43, 7 I -93. 

Eisenmann DR, Ashtray S, Neiman A ( 1979) Calcium 
transpor1 and the secretory ameloblast. Anat. Rec. I 93, 403-
422. 

Eisenmann DR, Salama AH, Zaki AM ( 1992) Effects 
of vinblastine on calcium distribution pattern and ca2+, 
Mg 2+-adenosine triphosphate in rat incisor maturation 
ameloblasts. J. Histochem. Cytochem. 40, 143-151. 

Evans ML, Graham MM, Mahler PA, Rasey JS ( I 986) 
Changes in vascular permeability following thorax irradiation 
in the rat. Radiat. Res. 107, 262-271. 

Fajardo LF ( 1989) The unique physiology of 
endothelial cells and its implications in radiobiology. In: 
Frontiers of Radiation Therapy and Oncology. Radiation 
Tolerance of Normal Tissues. Ed. Vaeth JM, Meyer JL, S. 
Karger, Basel pp. 96-1 12. 

Fanger H, Lushbaugh CC ( 1967) Radiation death 
rrom cardiovascular shock following a criticality accident. 
Arch. Pathol. 83, 446-460. 

Farquhar MG, Palade G ( I 963) Junctional complexes 
in various epithelia l Cell Biol. 17, 375-412. 

Garrod DR ( I 986) Desmosomes, cell adhesion 
molecules and the adhesive properties of cells in tissues. J. Cell 
Sci. Suppl. 4, 221-237. 

Geiger B, Ginsberg J ( 1991) The cytoplasmic domain 
of adherents-type junctions. Cell Motil. Cytoskelet. 20, 1-6. 

Gorodetsky R, Amir G, Yarom R ( 1992) Effects of 
10111zing radiation on neuromuscular junctions m mouse 
tongues. Int. J. Radiat. Biol. 61, 439-444. 

969 

Gumbiner B ( 1987) The structure, biochemistry and 
assembly of epithelial tight junctions. Am. J. Physiol. 253, 
C749-C758. 

Hallahan DE, Virudachalam S, Sherman ML, 
Huberman E, Kufe DW, Weichselbaum RR ( I 99 I) Tumor 
necrosis factor gene expression is mediated by protein kinase 
C following activation by ionizing radiation. Cancer Res. 51: 

4565-4569. 
Hallahan DE, Virudachalam S, Schwartz JL, Panje N, 

Mustafi R, Weichselbaum RR ( 1992a) Inhibition of protein 
kinases sensitizes human tumor cells to ionizing radiation. 
Radiat. Res. 129: 345-350. 

Hallahan DE, Virudachalam S, Grdina D, 
Weichselbaum RR (l 992b) The isoquinoline sulfonamide-H7 
attenuates radiation-mediated protein kinase-C activation and 
delays the onset of X-ray-induced G2-arrest. Intern. J. Rad. 

Oncol. Biol. Phys. 24, 687-692. 
Hauer-Jensen M ( 1990) Late radiation injury of the 

small intestine. Clinical, pathophysiologic and radiobiologic 
aspects. A review. Acta Oncol. 29, 301-415. 

Hinz G, Dertinger H ( I 983) Increased radioresistance 
of cells in cultured multicell spheroids. IL Kinetic and 
cytogenetic studies. Radiat. Environ. Biophys. 21, 255-264. 

Hecht G, Pothoulakis C, LaMont JT, Madara JL 
( 1988) Clostridium difficlie toxin A perturbs cytoskeletal and 
tight junctional permeability of cultured human intestinal 
epithelial monolayers. J. Clin. Invest. 82, 1516-1524. 

Hoi-Sang U, Seiter OH, Ellisman NH ( 1980) Tight 
junction formation in the establishment of intra-membranous 
particle, polarity in aggregating MOCK cells. Effects of drug 
treatment. Exp. Cell Res. 128, 223-235. 

Hopewell JW ( 1980) The importance of vascular 
damage in the development of late radiation effects in normal 
tissues. In: "Radiation Biology in Cancer Research" Eds: 
Meyer RE, Withers HR, Raven Press, New York , pp. 449-
459. 

Hurtando de Mendoza MV, Moreno FJ ( I 991) 
Permeability and changes in carbohydrate moiety in rat 
endometrial epithelium during oestrus cycle as revealed by 
ruthenium red. Acta Histochem. Cytochem. 24, 277-284. 

Jacobson HR ( 1979) Altered permeability in the 
proximal tubule response to cyclic AMP. Am. J. Physiol. 236, 
F7 l-F79. 

Jinguji Y, Ishikawa H ( 1992) Electron microscopic 
observations on the maintenance of the tight junction during 
cell division in the epithelium of the mouse small intestine. Cell 

Struct. Funl:I. 17, 27 - 37. 
Kan KS, Coleman R ( 1990) Menadione increases 

hepatic tight-junctional permeability. [ts effect can be 
decreased by butylated hydroxytoluene and verapamil. 
Biochem J. 270, 241-243. 

Kan KS, Coleman R ( 1988) The calcium ionophore 
A23 I 87 increases the tight-junctional permeability in rat liver. 

Biochem J. 256, I 039-1041. 
Kim CY, Giaccia AJ, Strulovici B, Brown JM ( 1992) 

Differential expression of protein kinase-C epsilon-protein in 
lung cancer lines by ionizing radiation. Br. J. Cane. 66, 844-

849. 



Z. Somosy, J. Kovacs, L. Siklos, G.J Koteles 

Koga ya Y, Furushi K ( I 988) Comparison of the 
calcium distribution pattern among several kinds of hard 
tissue forming cells of some living vertebrates. Scanning 
Microsc. 2, 2029-2043. 

Koteles GJ, Kubasova T, Somosy Z, Horvath L 
( 1983) Derangement of cellular plasma membranes due to 
non-lethal irradiation doses. In: Biological effects of Low­
Level Radiation, International Atomic Energy Agency, Vienna, 
Austria, pp. 115-129. 

Kwok T, Sutherland RM ( 199 I) The influence of cell­
cell contact on radiosensitivity of human squamous carcinoma 
cells. Radiat. Res. 126, 52-57. 

Levin VA, Edwards MS, Byrd A ( 1979) Quantitative 
observation the acute effects of X-irradiation on brain capillary 
permeability. Int J Rad. Oncol. Biol. Phys. 5, 1627-1631. 

Luft JH (1971) Ruthenium red and violet. L Chemistry, 
purification, methods of use for electron microscopy and 
mechanisms of action. Anat. Rec 171, 347-368. 

Madara JL, Dharmasthaphorn K (1985) Occluding 
junction structure - function relationship in a cultured epithelial 
monolayer. J Cell Biol. 101, 2124-2133. 

Madara JL ( I 990) Maintenance of the macromolecular 
barrier at cell extrusion sites in intestinal epithelium: 
Physiological rearrangement of tight junctions J Membrane 
Biol. 116, 177-184. 

Madhoo J, Blekkenhorst G ( I 989) Effects of 
inhibition of intercellular communication on repair of damage 
induced by ionizing radiation. Br. J Radio!. 62 281-282. 

Majack RA, Bhalla RC (1981) Ultrastructural 
characteristic of endothelial permeability m chronic 
hypertension. Hypertension 3, 586-595. 

Meldolesi J, Castiglioni G, Parma R, Nassivera N, 
deCamili P (1978) Ca2+-dependent disassembly and 
reassembly of occluding junctions in guinea pig pancreatic 
acinar cells. Effect of drugs. J Cell Biol. 79, 156-172. 

Mentre P, Halpern S ( 1989) Application of the 
pyroantimonate method and electron probe microanalysis to 
the study of glycogen metabolism in liver. Scanning Mier. 3 
495-504. 

Meyer HW, Freytag C, Freytag T, Richter W ( 1988) 
Effect of proteases and other treatments on the proliferative 
assembly of tight junction strands in the prostate tissue. Exp!. 
Pathol. 34, 237-242. 

Meza I, Sabanero M, Stefani E, Cereijido M ( 1982) 
Occluding junctions m MDCK cells: modulation of 

transepithelial permeability by the cytoskeleton. J Cell. 
Biochem. 18, 407-421 

Mullin JM, McGinn MT ( 1987) The phorbol ester, 
TPA, increases transepithelial epidermal growth factor flux. 
FEBS Lett. 221, 359-364. 

Mullin JM, Snock V ( 1990) Effect of tumor necrosis 
factor on epithelial tight junctions and transepithelial 
permeability. Cancer Res. 50, 2172-2176. 

Mullin JM, Laughlin KY, Marano CW, Russo LM, 
Soler AP (1992) Modulation of tumor necrosis factor-induced 
increase in renal (LLC-PK I) transepithelial permeability. Am. 

J Physiol. 263, F915-F924. 
Mi.ihleisen H, Fingerle J, Wolburg H, Betz E (1989) 

970 

Structural alterations in vascular endothelial tight junctions in 
the course of their gradual degradation in vitro. Tissue Cell 
21, 803-811. 

Nilsson M, Moine J, Ericson LE ( 1991) Integrity of 
the occluding barrier in high-resistant thyroid follicular 
epithelium in culture. 11. Immediate protective effect of TSH 
on paracellular leakage inducecj by Ca2+ removal and 
cytochalasin B. Eur. J. Cell. Biol. 56, 308-318. 

Nilsson M ( 1991) Integrity of the occluding barrier in 
high-resistant thyroid follicular epithelium in culture. I. 
Dependence of extracellular Ca2+ is polarized. Eur. J Cell. 
Biol. 56, 295-307. 

Oschman JL, Wall BJ ( 1972) Calcium binding to 
intestinal membranes. J. Cell Biol. 55, 58-73. 

Palant CE, Duffey ME, Mookerjee BK, Ho S, Bentzel 
CJ ( 1983) Ca2+ regulation of tight junction permeability and 
structure in Necturus gallbladder. Am. J. Physiol. 245, C203-
C212. 

Parry G, Beck JC, Moss L, Bartley J, Ojakian GK 
( 1990) Determination of apical membrane polarity in 
mammary epithelial cell cultures: The role of cell-cell, cell­
substratum, and membrane-cytoskeleton interactions. Exp. 
Cell Res. 188, 302-311. 

Peracchia C, Bernardini G (1984) Gap junction 
structure and cell-to-cell coupling regulation: ls there a 
calmodulin involvement'l Fed. Proc. 43, 2681-2691. 

Peterson LM, Evans ML, Graham MM, Eary JF, 
Dahlen DD (1992) Vascular response to radiation injury in the 
rat lung. Radiat. Res. 129 I 39-148. 

Peute J, vanLinder ATM, Zandbergen MA, deBruijn 
WC ( 1990) Ultrastructural localization of calcium and Ca2+ -

A TPase activity in gonadotrops and stellate cells of the catfish 
pituitary Histochemisty 94, 601-607. 

Pitelka DR, Taggart B ( 1983) Mechanical tension 
induces lateral movement of intramembrane components of 
the tight junction studies on mouse mammary cells in culture. 
J Cell Biol. 96, 606-612. 

Quasi er H ( 1956) The nature of intestinal radiation 
death. Radiat. Res. 4, 303-320. 

Rhodes RS, Karnovsky MJ ( 1 971) Loss of 
macromolecular barrier function associated with surgical 
trauma to the intestine. Lab. Invest. 25, 220-229. 

Rofstad EK, Sutherland RM ( 1988) Radiation 
sensitivity of human ovarian carcinoma cell lines in vitro: 
effects of growth factors and hormones, basement membrane, 
and intercellular contact. Int J Radiat. Oncol. Biol. Phys. 15, 
921-929. 

Sando JJ, Maurer MC, Bolen EJ, Grisham CM ( 1992) 
Role of cofactor in protein kinase C activation. Cell. Sign. 4, 
595-609. 

Satir P, Gilula NB (1970) The cell junction in a lamelli 
branch gill ciliated epithelium. Localization of pyroantimonate 
precipitate. J. Cell Biol. 47, 468-487. 

Sedar AW, Forte JG (1964) Effects of calcium 
depletion on the junctional complex between oxyntic cells of 
gastric glands. l Cell Biol. 22, 173-188. 



Tight Junction in Epithelial cells Upon Irradiation 

Seed TM, Niiro GK ( 1991) Alpha-particle irradiation-
induced change in bronchopulmonary macrophage 
morphology, in vitro. Scanning Mier. 5, 565-572. 

Shivers RS, Pollock M, Bowman PD, Atkinson BG 
( 1988) The effect of heat shock on primary cultures of brain 
capillary endothelium inhibition of assembly of zonulae 
occludentes and synthesis of heat-shock proteins. Eur. J. Cell 
Biol. 46, 18 1-191. 

Simson JA V, Spicer SS ( 1975) Selective subcellular 
localization of cations with variants of the potassium 
(pyro )antimonate technique. J. Histochem. Cytochem. 23, 
575-598. 

Somosy Z, Kubasova T, Koteles GJ ( 1987) The effects 
of low doses of ionizing radiations upon the micromorphology 
and functional state of cell surface. Scanning Microsc. I: 
1267-1278. 

Somosy Z, Takats A, Kubasova T, Sudar F, Koteles 
GJ ( 1988) Effects of X-irradiation on adenylate cyclase 
activity and cyclic AMP content of primary human fibroblasts. 
Scanning Microsc. 2 2165-2172. 

Spence AM, Graham MM, O'Gorman AO, Muzi M, 
Abbot GL, Lewellen TK ( 1987) Regional blood-to-tissue 
transport in an irradiated rat glioma model. Radial. Res. 111, 
225-236. 

Staehelin LA ( 1974) Structure and function of 
intercellular junctions Int. Rev. Cytol. 39, 191-283. 

Staehelin LA, Mukherjee TM, Williams AW ( 1969) 
Freeze-etch appearance of the tight junctions in the epithelium 
of small and large intestine of mice. Protoplasma 67, 165-184. 

Stevenson BR, Siliciano JD, Mooseker MS, 
Goodenough DA ( 1986) Identification of Z0-1: a high 
molecular weight polypeptide associated with tight junction 
(zonulae occludentes) in a variety of epithelia. J. Cell Biol. 
103, 755-766. 

Suzuki S, Nagano T ( 1991) Three-dimensional model 
of tight junction fibrils base on freeze-fracture images. Cell 
Tissue Res. 264, 381-384. 

Szekely JG, Raaphorst GP, Lobreau U, Copps TP 
( 1982) Effects of X-irradiation and radiation modifiers on 
cellular ultrastructure. Scanning Electron Microsc. 1982 I: 
335-341. 

Tournier JF, Lopez A, Gas N, Tocanne JF ( 1989) The 
lateral motion of lipid molecules in the apical plasma 
membrane of endothelial cells is reversible affected by the 
presenceofcelljunctions. Exp. Cell Res. 181, 375-384. 

Trosko JE, Hang CC, Madhukar BV (1990) 
Modulation of intercellular communication during radiation 
and chemical carcinogenesis Radial. Res. 123:, 241-251. 

Von Zglinicki K, Roomans GM ( 1989) Element 
concentrations in the intestinal mucosa of the mouse as 
measured by X-ray microanalysis. Scanning Mier 3, 483-493. 

Zivkovic D, Creton R, Zwaan G, deBruijn WC, 
Dohmen MR ( 1990) Polar localization of plasma membrane 
Ca2+ /Mg 2+ A TPase correlates with the pattern of steady ionic 
currents in eggs of Lymnae stagnalis and Rithynia tentaculata 
(Mollusca). Roux's Arch. Dev. Biol. 199, 134-145. 

Wade JB, Karnovsky MJ ( 197 4) The structure of the 

971 

zonula occludents. A single fibril model based on freeze­
facture. J. Cell Biol. 60, 168-180. 

Discussion with Reviewers 

Reviewer I: The pyroantimonate method as used by the 
authors appears only to localize intercellular deposits of ca++, 
but what happens to internal stores of ca++? Are they 

mobilized and transported to the cell surface? 
Authors: Pyroantimonate deposits as we shown, localized in 
the cytoplasmic region The amount of calcium in internal 
stores smaller as in intercellular region. We plan to investigate 
the activity changes of calcium transporting enzymes upon 
irradiation. 
T,M, Seed: What do the authors use as "controls" for the 
cytochemical assays? 
Authors: The specificity of cytochemical assay was 

determined by electron spectroscopic imaging and electron 
energy loss spectrometry investigations 
T.M. Seed: "The radiation induced changes of gap junction 
mediated cell communication may result in tumorous 
transformation of cells (Trosko et al. 1990)". I realize several 
workers have suggested this to be a possibility, however by no 
means is it clearly so. There are too many exceptions that one 
needs to account for, e. g. , radiation induced tumorgenesis of 
hematopoietic elements without prominent display of 
junctional apparatus. 
Authors: The exact relationship between radiation-induced 

changed cell communication and carcinogenetic process, and 

this mechanism, absolutely not clear. May it only one factor of 
tumorous transformation. 
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