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In the course of adaptation to repeated stress, the expression of the proto-oncogene c-
myc found to increase much more rapidly than that of the Ca-ATPase gene. It is
suggested that an increase in the level of c-myc expression may activate the structural
Ca-ATPase gene and possibly also the heat-shock proteins.
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Adaptation of the heart to large loads, which is
accompanied by adrenergic effects, consistently in-
duces expression of the proto-oncogene c-myc in
cardiac cells [8,16,17]. This proto-oncogene is vir-
tually not expressed during periods of physiologi-
cal rest, but the level of its expression rises rap-
idly 7- to 10-fold in the first few hours of expo-
sure to an external stimulus [8]. Like other
proto-oncogenes, c-myc is a trigger gene, i.e., it
may be instrumental in increasing the transcription
of structural genes in growing and dividing cells
[7,10,16]. This has laid the basis for designating
proto-oncogenes as adaptation genes, for they play
a key structural role in enhancing the function of
the heart and other organs when increased de-
mands are made on the organism [5]. In the con-
text of the study reported here it is important that
in all such situations an increase in the function
of organs and of the organism as a whole is al-
ways preceded and accompanied by a stress reac-
tion, and that during an increase in cardiac func-
tion the expression of structural genes is very se-
lective. It has been found, for example, that a
periodic increase in cardiac function in response to
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moderate physical exercise results in only a slight
increase in heart weight while leading to a selec~
tive growth of sarcoplasmic reticulum (SPR) tubules
so that the surface area of these, which are the
main site of Ca-ATPase, more than doubles [14].
Accordingly, the rate of myocardial relaxation rises
[3] and less Ca?* enters the mitochondria, with
the result that the heart works more efficiently and
oxygen consumption by the myocardium increases
[13]. Since the multiple effects exerted by adren-
ergic hormones and corticosteroids on the heart in
the course of adaptation to repeated stress have
also been found not to result in an increased mass
of that organ, we presumed that activation of c-
myc may occur early during such adaptation, fol-
lowed later by augmented expression of the struc-
tural gene encoding Ca-ATPase. To examine this
possibility we compared, in this study, the ex-
pression of c-myc and that of the Ca-ATPase gene
in C57Bl mice in the course of their adaptation
to repeated moderately painful electrostimulations.

MATERIALS AND METHODS

Male C57BIl mice weighing 18-20 g were used, 7
mice in each series of tests. Adaptation to repeated
pain stress was carried out in a cage with an elec-
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Fig. 1. Blots of c—myc (a) and Ca-—ATPase (b) gene RNA in the control {0) and after 1, 2, 3, 5, and 9 days of adaptation.

trified metal floor. Each mouse was subjected to a
total of 10 such stressors, once per day at 24-h
intervals. The first exposure lasted 5 min (current
strength, 0.05 mA), the second 10 min (0.1 mA),
and the third and all others 20 min each (0.15
mA). The animals first responded to the pain
stimulation by running and squeaking. With sub-
sequent exposures, however, these responses disap-
peared (only running about the cage was sometimes
observed). Exsanguinated hearts from the adapted
mice weighed only 5% more than those from con-
trols (an insignificant difference).

In the study, human c-myc (1.6 kb fragment)
and SPR Ca-ATPase from rat heart (4.1 kb frag-
ment, kindly provided by Dr. Dallman) were used.
Human c-myc is highly complementary to its ro-
dent counterpart and may be used to synthesize
samples for hybridization assays [6]. Highly labeled
biotinylated samples were obtained using a USB kit
(USA) in accordance with the manufacturer’s rec-
ommendations.

Total RNA was isolated from mouse hearts us-
ing guanidine isothiocyanate and was fractionated
by gradient centrifugation in CsCl [9] in a Bec-
kman centrifuge (SW 40Ti, 30,000 rpm, for 24 h
at 20°C); it was then applied to prehumidified
20xSSC filters (Zetabind, USA) in an amount of
10 or 3.3 ug per filter, and fixed with ultraviolet
at 302 nm.

Hybridization was carried out in 50% forma-
mide by a standard procedure [12] at 42°C over
24 h. The filters were washed in 2xSSC, 0.1%
SDS; 0.5XSSC, 0.1% SDS; and 0.1xSSC, 0.1%
SDS at room temperature for 15 min in each; the
last washing was done in 0.1XSSC, 0.1% SDS at
60°C for 30 min. Sample detection was carried out
using a standard kit (Sigma, USA) according to
the manufacturer’s recommendations.

The filters were subjected to densitometry on
a scanning attachment to a Hitachi-557 spectropho-
tometer in a two-wave mode: at A, =596 nm (back-
ground) and 2,=566 nm (spots).

RESULTS

Expression of c-myc in the myocardium, virtually
nonexistent in control mice, was found to be sig-

nificant in the test mice after the first day of the
adaptation tests (day 1) and continued to increase
up to day 9 (Fig. 1, @). Expression of the Ca-
ATPase gene also increased, but to a much lesser
extent than that of c-myc (Fig. 1, #). After den-
sitometry of the spots obtained, the time course of
gene expression was represented in the form of
curves (Fig. 2). The level of gene expression (ab-
sorbance of the spots on the filters) on day 1 was
taken as unity.

Thus, while increases in the expression of both
genes were recorded, c-myc began to be expressed
more actively and the level of its expression on day
9 was 6.5 times higher than on day 1, as com-
pared with only 1.5-1.8 times for the Ca-ATPase
gene. These results should be evaluated on the ba-
sis of the following considerations.

In a normal myocardium, the number of con-
nective tissue cell nuclei is 3 times higher than
that of cardiomyocytes [2]. In the connective tis-
sue cell population under consideration, 84% of the
cells are fibroblasts and 16% are histiocytes and
endothelial cells. Most of the genetic material in
the myocardium is thus contained in fibroblasts
rather than in cardiomyocytes. Moreover, fibroblasts
are also the main sites of DNA synthesis [2]. For
example, it has been found that at a critical stage
of cardiac hyperfunction - on day 4 after coarcta-
tion of the aorta - *H-thymidine incorporation into
cell nuclei of cardiac connective tissue increases 10-
12-fold, whereas its incorporation into cardiomyo-
cytes remains almost unchanged [2].

It is significant that c-myc expression precedes
cell growth and division. In our study, cardiomyo-
cytes did not grow substantially, and in adult mice
these cells divided very rarely. Consideration of
these findings in relation to the reported burst of
c-myc expression occurring in fibroblasts in re-
sponse to stress mediators such as catecholamines
[11] suggests that the increased expression of c-myc
observed in stress is most likely the result of its
enhanced expression in nonmuscle cells of the
heart. The situation is different with the gene of
the SPR Ca pump, whose main structural unit is
Ca-ATPase. SPR, the major function of which is
Ca?* transport, is not found in nonmuscle cells,
and for this reason an alteration in the level of
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Fig. 2. Variations in levels of c—myc (1) and Ca-ATPase
(2) RNA in the myocardium of mice in the course of adaptation
(RNA level on day 1 of adaptation was taken as unity).

expression of this gene reflects a process occurring
in cardiomyocytes.

That the increase in c-myc expression occurs
mainly, if not exclusively, in nonmuscle cells and
is much larger than the increase in Ca-ATPase
gene activity can probably be explained on the
basis of the following analogies. When the func-
tional activity of brain neurons rises, the surround-
“ing neuroglial cells transmit to these neurons
ready-made respiratory enzymes and nucleotides
required for RNA synthesis, thereby acting as do-
nors of plastic resources [2]. As regards the heart,
it has been shown that during hyperfunction of
this organ, DNA synthesis in fibroblasts (as as-
sessed by *H-thymidine incorporation) proceeds at
the highest rates in areas where the cardiomyocytes
are particularly hypertrophic [2]. It has been sug-
gested that accessory cells can perform a donor
function not only in the brain but also in the
heart [14]. If so, then intensified functioning of the
genetic apparatus in cardiac nonmuscle cells will be
necessary in order that the latter cells may fully
perform their donor functions for cardiomyocytes. It
is also important to note that comparison of c-myc
and Ca-ATPase gene activities in the heart can in-
dicate how the state of its muscle and nonmuscle
cells has changed, thereby providing a more dis-
criminative approach to evaluating the effects ex-
erted by particular factors on the myocardium.

Since the expression of c-myc, as assessed
from the elevation in the concentration of its
mRNA, was found to be much higher than Ca-
ATPase gene expression assessed in the same way,
the following two points, of key importance in this
study, should be emphasized.
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1. Activation of the proto-oncogene c-myc may
be thought to play the role of a trigger for Ca-
ATPase gene expression. This phenomenon is bio-
logically important because a selective increase in
the power of the Ca pump in myocardial cells is
essential not only for adapting the heart to major
loads but also for increasing the resistance of this
organ to ischemia, reperfusion, high Ca concentra-
tions, and other injurious factors that act by rais-
ing Ca levels in the sarcoplasm. ’

2. Previously, with special reference to the heart,
we provided evidence substantiating the existence of
a phenomenon of adaptive stabilization of structures
(PASS) [4,15]. It has been found that PASS is re-
sponsible for a direct increase in the resistance to
autolysis of myocyte organelles such as SPR, mito-
chondria, and nuclei [15], and that, moreover, it is
coincident with the accumulation of HSP70-family
proteins; thus, HSP70 accumulation and PASS both
reach their maximum only by days 6-8 of adapta-
tion [1]. The results of the present study merit test-
ing the hypothesis that the early activation of the
c-myc proto-oncogene demonstrated in this study
triggers, during adaptation to stress, HSP70 accu-
mulation and the development of PASS.

REFERENCES

1. I. Yu. Malyshev, F. Z. Meerson, A. V. Zamotrinskii, and O. P.
Budanova, Byull. Eksp. Biol. Med., 116, Ne8, 134-137 (1993).

2. F. Z. Meerson, in: Cardiac Hyperfunction, Hypertrophy,
and Insufficiency [in Russian], Moscow (1968).

3. F. Z. Meerson, in: Adaptation of the Heart to Heavy Loads
and Heart Failure [in Russian], Moscow (1975).

.F. Z. Meerson, Ibid., 30, 6-12 (1990).

. F. Z. Meerson and V. V. Didenko, Kardiologiva, 32, 82-
90 (1992).

6. R. B. Khesin, in: Inconstancy of the Genome [in Russian]
, Moscow (1984).

7. C. Bauters, I. M. Moalic, J. Bercovici, et al., J. Molec.
Cell. Cardiol., 20, 97-101 (1988).

8. T. Brand, S. Rohmann, H. S. Sharma, and W. Schaper,
J. Molec. Cell. Cardiol., 21, Suppl. 3, 3 (1989).

9.J. M. Chirgwin, A. E. Przybyla, R. J. MacDonald, and
W. J. Rutter, Biochemistry, 18, 5294-5299 (1979).

10. W. C. Claycomb, in: Biology of the Isolated Adult Car-
diac Myocytes, ed. by W. A. Clark ef al., Vol. 247, New
York (1988), pp. 284-287.

11. S. R. Coughlin, W. M. F. Lee, P. W. Williams, et al.,
Cell, 43, 243-251 (1985).

12. Basic Methods in Molecular Biology, ed. by L.G. Davis er
al., New York (1987).

13. H. W. Heiss, J. Bammeyer, K. Wink, er al., Verh. Disch.
Ges. Kreislaufforsch, 41, 247-252 (1975).

14. F. Z. Meerson, in: Adaptation, Stress and Prophylaxis,
Springer Verlag, Bedin (1984).

15. F. Z. Meerson, I. Yu. Malyshev, and A. V. Zamotrinsky,
Canad. J. Cardiol., 8, 965-974 (1992).

16. S. L. Mulvagh, L. H. Michael, M. B. Perryman, et al,
Biochem. Biophys. Res. Commun., 147, 627-636 (1987).

17. N. F. Starksen, P. C. Simpson, N. Bishopric, ef al., Proc.
Nat. Acad. Sci. USA, 83, 8348-8350 (1986).

(¥ -



