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Abstract 

The distribution and activity of Ca2+ -ATPase 
were investigated by histochemical methods in small 
intestine epithelial cells of mice following total body 
2450 MHz low frequency (16 Hz) microwave and X-ray 
irradiation. In the control animals, enzyme activities 
were found in the brush border and on lateral mem
branes, including junctional areas of the cells. The 
enzyme activity of lateral membranes was inhibited by 
quercetin, a specific inhibitor of Ca2+ -ATPase. 

Immediately after square modulated (16 Hz) 2450 
MHz microwave irradiation at 1 mW/cm2 power densi
ties, we observed a decreased activity of Ca2+ -ATPase 
on the lateral membrane regions. 

The X-ray irradiation (1 Gy) induced a similar 
decrease of Ca2+ -ATPase activity which was reversible 
within 24 hours. "5 Gy" doses resulted in a decrease of 
enzyme activities on both apical and lateral membrane 
areas persisting up to 24 hours following irradiation. 

Key Words: X-radiation, modulated microwave irradia
tion, Ca2+ -ATPase activity, transmission electron 
microscopy. 
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Introduction 

Calcium ions play an important role in regulating 
some cell functions by acting as an intracellular second 
messenger. A wide variety of external stimuli induce 
elevation of intracellular calcium levels (Nicholls, 1986; 
Carafoli 1987; Bement 1992; Putney and Bird, 1993; 
Scharff and Foder, 1993), which exerts an influence on 
the activity of calcium dependent enzymes. Enzymatic 
components of different signal transduction systems 
[i.e., protein kinase C (Bement, 1992; Wright et al., 
1993), phospholipase C (Morgan et al., 1993), phospho
lipase A2 (Churcher et al., 1990) calmodulin (Cheung, 
1982), endonuclease (Zhivotovsky et al., 1993)] are 
included in this system. 

The cellular calcium stores, signal transduction sys
tems and cellular transporters of calcium build up a 
complicated network within the cell (reviewed recently 
by Scharff and Foder, 1993; Putney and Bird, 1993). 
The relatively stable intracellular calcium concentration 
is maintained by calcium pump mechanism(s), which 
transport the calcium out of the cells or to calcium stores 
in the cytoplasm. The chief device to pump out calcium 
from the cells is the plasma membrane calcium trans
porting ATPase system (Carafoli and Guerini, 1993). 
According to recent data the calcium pump ATPase is a 
membrane spanning enzyme which protrudes into the 
cytosol and is in contact with the extracellular space 
(Carafoli and Guerini, 1993). 

The activity of ATPase enzymes can be revealed by 
electron microscopic cytochemical methods (El-sherif 
and Bacsy, 1989; Peute et al., 1990; Stahl and Baskin, 
1990; Eisenmann et al., 1992; Baller et al., 1993) 
which, however, do not distinguish the Ca2+ -transport
ing ATPase form from other ATPase(s) (Stahl and 
Baskin, 1990). The two types of enzyme activities can 
be separated by the use of specific inhibitors quercetin 
or vanadate for blocking the activity of the calcium 
pump and other transport ATPases, respectively (Peute 
et al., 1990; Yoshioka et al., 1990; Zivkovic et al., 
1990). 

It is well known that ionizing and electromagnetic 
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irradiation deeply influence the calcium homeostasis of 
the cells. Modulated weak electromagnetic fields have 
been reported to induce calcium uptake in leukemic and 
normal lymphocytes (Emilia et al. , 19 85; W allaczek and 
Liburdy, 1990; Lyle et al., 1991), in mitogen activated 
lymphocytes (Conti et al., 1985; Liburdy et al., 1993), 
and in chick and mouse small intestine (Klavins et al., 
1991; Somosy et al., 1993b). There are observations 
about the effects of ionizing radiation on calcium 
transport in rat thymocytes (Zhivotovsky et al., 1993) 
and in mouse small intestine (Somosy et al., 1993a). 
The observed changes in local cellular calcium concen
tration may play a role in radiation-induced functional 
changes of cells and tissues, e.g., in apoptotic cell death 
and in modification of paracellular transport of the small 
intestine and blood vessel wall (Blackman et al., 1979; 
Blackman, 1990; Walleczek and Liburdy, 1990; 
Kandasamy and Harris, 1992; Liburdy, 1992; Story et 
al., 1992; Walleczek, 1992; Somosy et al., 1993a,b; 
Zhivotovsky et al., 1993). However, data about radia
tion-induced changes of calcium pump ATPase activity 
are incomplete. This prompted us to investigate whether 
the changes in calcium distribution following modulated 
and continuous microwave and X-ray irradiation in 
mouse small intestine described by us earlier (Somosy et 
al., 1993 a,b) are connected to changes in the activity of 
plasma membrane Ca2+ -ATPases. 

Materials and Methods 

Animals 

Male CFLP mice of 25-30 g maintained in standard 
laboratory conditions were used in our experiments. 
Experimental groups consisting of 3 animals each were 
irradiated as indicated below. Three parallel experi
ments were carried out. 

Microwave exposure and dosimetry 

The mice were total body irradiated with amplitude 
modulated microwave for 3 hours at either 0.1, 0.5 or 
1 mW/cm 2 energies. The irradiation. conditions and 
dosimetry were detailed in our earlier paper (Somosy et 
al., 1993b). Tissue samples for enzyme cytochemistry 
were fixed immediately, and 1, 3 and 24 hours after 
irradiation. 

X-ray irradiation 

The mice were total body X-ray irradiated with 1 
and 5 Gy doses and pieces of small intestine were fixed 
immediately, as well as 1, 3 and 24 hours after irradia
tion. X-ray 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 O. 317 Gy 
water.min- 1. 
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Figures 1-6 on facing page 615. 

Figure 1. Ca2+ -ATPase reaction of control small intes
tine. The enzyme reaction product appears on the api
colateral region of the epithelial cells. MV = micro
villar surface, lateral membranes. Bar = 0.5 µm. 

Figure 2. Ca2+ -ATPase reaction of control small intes
tine in the presence of quercetin. The electron dense 
deposits are located only on the surface of microvilli 
(MV). Reaction products are absent in the lateral mem
brane regions (➔). Bar = 0.2 µm. 

Figure 3. Ca2+ -ATPase reaction of control small intes
tine in the presence ouabain. The enzyme reaction prod
ucts is present on the apicolateral region of the epithelial 
cells. MV = microvillar surface, (➔) lateral membrane 
region. Bar = 0.25 µm. 

Figure 4. Ca2+ -ATPase reaction of control small intes
tine in the absence of ATP (A) or calcium (B). The 
intensity of reaction is weak. MV = microvilli. Bar = 

0.2 µm. 

Figure 5. Ca2+ -ATPase reaction in the presence of 
EGTA. Reaction products were absent. Bar = 0.5 µm. 

Figure 6. Calcium-ATPase reaction of modulated (16 
Hz) microwave irradiated (1 mW /cm2) small intestine 
after 1 hour. Reaction products are primarily localized 
on the microvillar region (MV) of the cells. (➔) lateral 
region of the cells. Bar = 0.2 µm. 

-----------------·-------------------
Electron microscopy, Ca-ATPase cytochemistry 

The irradiated and control animals were anaesthe
tized with Nembutal and then perfused through the as
cending aorta with a mixture of ice-cold 3 % paraformal
dehyde and 1 % glutaraldehyde, 0.25 M sucrose in 0.05 
M cacodylate buffer (pH 7.4) for 30 minutes. A piece 
of small intestine from the duodenal region (about 0.5 
cm) was quickly cut from each, and 1-2 mm sections 
were washed in the same buffer with 0.25 M sucrose 
(pH 7.4) for 45 minutes. 

The ATPase activity was demonstrated by the mod
ified method of Salama et al. (1987). The sections were 
incubated in a medium containing Tris-rnaleate buffer 
(70 mM, pH 7.2), ATP (1 mM), CaCl2 (3 mM), CeC13 
(2 mM), MnC12 (5 mM) and levamisole (inhibitor of al
kaline phosphatase, 5 mM) for 1 hour at room tempera
ture. To see whether the reaction products represent the 
activity of Na/K-ATPase or Ca2 + -ATPase, parallel sec
tions were incubated in the above mixture along with 
either ouabain (1 mM, inhibitor of Na/K-ATPase) or 
quercetin (1 mM, inhibitor of Ca2+ -ATPase). 

Control incubations were done by omitting ATP or 
with CaC12 or 10 mM ethylenebis(oxyethylenenitrilo)
tetraacetic acid (EGT A) added to the reaction mixture. 
Incubation was followed by rinses in Tris-rnaleate buffer 
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and the samples were then postfixed in 1 % OsO4 . 

After fixation the pieces of tissue (five from each 
sample) were dehydrated through graded ethanol series 
to propylene oxide and embedded in Durcupan AC 
(Fluka, Basel, Switzerland). Pre-embedding counter 
staining with 2 % uranyl acetate was carried out in 70 % 
ethanol for 1 hour. The samples were cut with a dia
mond knife on an LKB ultratome and the sections were 
examined in a JEOL lOOCX transmission electron 
microscope (TEM). 

Results 

In the control animals, globular, electron-dense 
reaction products of ATPase activity were located in the 
apicolateral regions of the epithelial cells (Fig. 1). 

When the incubation of experimental material was 
carried out in the presence of quercetin, the electron 
dense deposits of enzyme reaction appeared on the sur
face of microvilli, but were absent on the lateral mem
brane regions (Fig. 2). Ouabain, on the other hand, did 
not influence the distribution of electron dense reaction 
product which was similar to that of the controls (Fig. 
3). The cytochemical reaction was weak when either 
CaC12 or ATP was omitted (Fig. 4). In the presence of 
EGT A no reaction products appeared on the apicolateral 
surfaces of the cells (Fig. 5). Taken together Ca2 + -
ATPase activity is present on the lateral membranes of 
the cells. The apically located cerium deposits are 
probably products of ecto ATPases without calcium 
pump activity. 

Immediately, 1 and 3 hours after the 1 mW/cm2 

power density modulated microwave irradiation, a de
crease in enzyme activity was detected on the lateral cell 
membranes (Fig. 6). However, the intensity of histo
chemical reaction on the apical regions of cells did not 
change (Fig. 6). One day later, the amount and distri
bution of reaction products had returned to control levels 
(Fig. 7). Continuous microwave irradiation with the 
same energy does not alter the enzyme activity of epi
thelial cells. 

X-ray irradiation (1 and 5 Gy, for 1 hour) also re
sulted in a decrease of lateral membrane enzyme activi
ties (Fig. 8a and 8b). This effect was transient when 1 
Gy was applied (Fig. 9); however, a markedly reduced 
staining pattern persisted up to 24 hours following 
irradiation with 5 Gy doses (Fig. 10). 

Discussion 

Histochemical methods for demonstration of Ca2+ -
ATPase activity have been widely used to study the lo
caliz.ation of this enzyme in a variety of cells (El-sherif 
and Bacsy, 1989; Watson et al., 1989; Peute et al, 
1990; Stahl and Baskin, 1990; Wild and Schraner, 1990; 
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Zivkovic et al., 1990; Eisenmann et al., 1992; Sato et 
al., 1993). The specificity and localiz.ation of the re
action can be greatly enhanced by the use of quercetin, 
a specific inhibitor of Ca2 + -ATPase (Yoshioka et al., 
1990). Our results show that the electron dense depos
its, which appear on the apical and lateral surface of the 
small intestine epithelial cells following incubation, are 
products of at least two different types of ATPases; one 
of which is quercetin sensitive and located on the lateral 
membranes, the other(s) are not influenced by quercetin 
and probably represent apically located ecto-ATPases. 
The observed lateral distribution of quercetin sensitive 
(calcium pump) ATPase is in agreement with previous 
reports, which suggested the lateral localization of pump 
ATPase in other cell types (Eisenmann et al., 1992; 
Doneen, 1993). 

Cellular membranes are targets of ionizing radiation 
and of weak, low frequency electromagnetic fields 
(Somosy et al., 1993a,b), which can disturb the activity 
of membrane bound enzymes. X-ray irradiation can 
modify the activity of adenylate and guanylate cyclase 
and protein kinase C (Somosy et al., 1988; Hallahan et 
al., 1991). Weak, low frequency electromagnetic fields 
also altered the activity of 5'nucleotidase, acetylcholine
sterase, alkaline phosphatase and Na+, K+ -ATPase 
(Blank and Soo, 1992; Moses and Martin, 1992). 

Data regarding changes in Ca2+ -ATPase activity 
upon exposure with electromagnetic fields are lacking. 
However, a decrease of its enzyme activity upon ioniz
ing radiation has been reported in several studies 
(Riskulova and Ivashcenko, 1976; Karmalkov et al., 
1991; Dreval, 1992; Baller et al., 1993). 

Our data presented here further show that the modu
lated microwave and moderate dose of X-ray irradiation 
(1 Gy) decrease the calcium pump ATPase activity in 
small intestine epithelial cells. In addition, the high (5 
Gy) dose of X-ray irradiation markedly decreases both 
calcium pump and other ATPase activities. 

In earlier studies, we showed that X-rays and modu
lated microwave irradiation resulted in a decrease and 
redistribution of calcium in the lateral areas of the small 
intestine epithelial cells (Somosy et al., 1993a,b). These 
phenomena are probably connected to the decrease of 
calcium-ATPase activity observed in the present study. 
Based on these data, it is conceivable that the lateral 
membrane associates pump ATPase has any role in the 
regulation of calcium content bound at same membrane 
area. Similar findings were published by Eisenman et 
al. (1992), who observed a concomitant reduction of 
membrane-associated calcium and Ca2 +, Mg2 + -ATPase 
activity after vinblastine treatment in rat incisor 
maturation ameloblasts. 

Modulation of Ca2 + -A TPase activity and/ or calcium 
pump gene expression are regulated by multiple second 
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Figure 7. Calcium-ATPase reaction of modulated (16 Hz) 
microwave irradiated (1 mW/cm1) small intestine after 24 
hours. The distribution of deposits of enzyme reaction 
products is similar to that of the control. MV = micro
villi, (-) lateral membrane. Bar = 0.2 µ.m. 

Figure 8. Calcium-ATPase reaction upon X-ray irradia
tion. (A) 1 Gy, 1 hour; (B) 5 Gy, 1 hour. Enzyme reac
tion products appear only on the microvillar surfaces (MV). 
(-) lateral membrane region. Bars = 0.2 µ.m. 

Figure 9. Calcium-ATPase reaction in X-ray irradiated 
small intestine with 1 Gy dose after 24 hours. Cytochem
ical reaction products appears on apicolateral regions of 
cells. MV = microvillar region, (-) lateral membrane. 
Bar = 0.25 µ.m. 

Figure 10. Calcium-ATPase reaction in X-ray irradiated 
small intestine with 5 Gy dose after 24 hours. Markedly 
reduced staining pattern persists. MV = microvillar 
region, (-) lateral membrane. Bar= 0.5 µ.m. 
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messenger pathways that include protein kinase C-, 
cAMP- and Ca2+ dependent mechanisms (Carafoli and 
Guerini 1993; Kuo et al., 1993; Wright et al., 1993), 
are influenced by membrane fluidity (Su et al., 1993). 
The ion transport ATPases are also targets for free 
radical damage (Rohn et al., 1993). Since both modu
lated microwave and X-ray irradiation can act on ele
ments of the membrane signal transduction processes 
(Somosy et al., 1988, 1993a,b; Hallahan et al., 1991), 
presumably they play a role in radiation induced changes 
of calcium pump ATPase activity. 
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Discussion with Reviewers 

W.C de Bruijn: How consistent is the distribution of 
the precipitates among the specimens, in other words, 
how reliable are the images shown, and do they repre
sent a true sample from the total population? 
Authors: The distribution of calcium-ATPase reaction 
was consistent in this cell population. 

W.C de Bruijn: The amount of reaction product is not 
measured, so the steps to interfere with the activity like 
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quercetin have to rely on "absence" or "presence" (0 or 
100%), but unfortunately there is some remaining, 
though differently located product left. Are all the sites 
(cells?) in the specimens investigated reacting, in the 
same way or are local differences in the enzyme activity 
noted? Do you have any information whether the re
maining activity is abolished by this vanadate treatment? 
Authors: Our results show that the reaction products 
localized on adjacent lateral cell membranes do not dis
appear totally after quercetin treatment. This fact may 
be explained by remaining activity of pump ATPase and/ 
r other ecto-ATPase(s) activity. Work is in progress in 
our laboratory to solve this question by applying vana
date treatment. 

L-G. Friberg: In combined irradiation and cytotoxic 
agent treatment of experimental solid tumors it should be 
of great interest to find out the concentration of labeled 
cytotoxic agent as a result of induced changes of calcium 
pump-ATPase activity? 
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Authors: Yes, this problem is interesting, however we 
are not working on this topic and therefore, we do not 
have any information about it. 

L-G. Friberg: Could, based on your results, cisplati
num side effects on the small intestine be a problem 
given together with irradiation of the pelvic tumor? 
Authors: It is known that the toxic effects of cisplati
num are related to the changes of calcium homeostasis 
of cells (Walker et al., 1990). However, the possible 
relationship between the cisplatinum induced changes of 
calcium homeostasis and irradiation induced changes of 
calcium pump ATPase activity in the small intestine 
remains to be elucidated. 

Additional Reference 

Walker EMJ, Fazekas May MA, Bowen WR (1990) 
Nephrotoxic and ototoxic agents. Clin. Lab. Med. 10, 
323-354. 
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