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In 1987-1998, at the Institute of Biochemical Physics, Russian Academy of Sciences, an investigation was carried out concerning the action of low doses of low-level irradiation on biophysical and biochemical parameters of the genetic and membrane apparatus of cells of irradiated animals.

We studied the genome structure characteristics by the method of DNA binding to nitrocellulose filters; the structure characteristics of nuclear, microsomal, mitochondrial, plasmic (synaptic and erythrocyte) membranes by the method of spin probes localized in various regions of membranes; the composition and degree of oxidation of membrane lipids; and the functional activity of cells, i.e., activity of enzymes, relationship between isozyme forms and regulatory properties [1-7]. We studied also the impact of irradiation on sensitivity of cells and biopolymers to subsequent effects of various damaging factors including high-dose irradiation.

The animals were irradiated with 137Cs y-rays (dose-rates 41.6 x 10-3, 4.16 x 10-3, and 0.416 x 10-3 mGy/min; irradiation doses from 6 x 10-4 to 1.2 Gy).

The main conclusions drawn from the obtained results are as follows.

(1) The dose-effect dependencies have a nonmonotonic, polymodal character.

(2) The doses related to extreme values are dependent on irradiation dose-rate (radiation intensity).

(3) Low-dose irradiation results in changes (mainly an increase) in the sensitivity to the action of damaging factors.

(4) The effects depend on initial characteristics of bioobjects.

(5) Within the certain dose ranges, low-level irradiation is more effective than acute one [2, 6, 7]

We explain the nonlinear and nonmonotonic dose-effect dependence determined in our experiments in terms of the concept of changes in the relationship between damages, on the one hand, and repair of damages, on the other, as a result of the action of low doses of low-level irradiation [1,2]. Under this irradiation, we suppose, the reparative systems are not induced or function with lower efficiency and are turned on with a great delay when radiation damages have been already appeared in irradiated object.

It is commonly believed that a response of a system to an impact is the more pronounced, the stronger is the impact. In physiology, in particular, according to the Weber-Fechner' law, the magnitude of sensation is a logarithmic function of a stimulus intensity [8]. The cases of logarithmic dependence are several models of carcinogenesis, e.g., what is known as a probit-log model, in which a logarithm of an individual sensitivity to a carcinogen has a normal distribution. Then, the dose dependence will be monotonic but of the S-shaped form [9]. The same is also true for the systems that fulfill a compensatory, reparative function, e.g., the immune system. The immune system response may also have a monotonic but a pronounced S-shaped, sometimes almost threshold, character.

It is difficult to predict what the dose dependence may be for the effect that is a result of interaction of several subsystems, where each is sensitive to a certain factor and exhibits its own characteristic dependence on factor magnitude. In the general case, of cause, one can hardly expect a monotonic increase in the value of the resulting effect with a dose, because a key factor here is not a reaction of each subsystem but a sign and character of their interaction with each other.

In particular, a radiation impact on the organism, apart from a direct effect on its functional subsystems, induces or activates the protective (reparative and adaptive) systems whose regulatory role is to compensate the impact, minimize a direct effect of irradiation, restore functions, and repair damages. A resulting (residual) effect of irradiation upon the realization of reparative processes depends on a relationship between direct and reverse processes, particular for each dose.

Let us suppose, for ionizing radiation, the dose dependence of a direct process is of the logarithm-like form, that of a reverse one - of the S-shaped form with a pronounced characteristic slope in the point of inflection (Figs la - lc); in the simplest case, the result is determined from the difference between them (Figs la' - lc'). Since we consider the concept without identifying the model, it is possible to fit the model keeping its properties to be governed by only one parameter that determines the balance, i.e., the relationship between "damaging" and "reparative" processes.

Figs la - lc show direct (solid lines) and reverse (dashed lines) processes; dose dependencies for each pair of the processes are at the left, a corresponding resulting effect - at the right. It is evident that various relationships between direct and reverse processes (in our case, various values of only one parameter of the model) yield various shapes of resulting dose dependencies (Figs la' - lc') from which a response of a macrosystem is determined. In Fig. 2, the previous graphs are brought to one and a dose-effect surface is shown for a parameter within a certain range of values.

Even such oversimplified one-paramer model shows by no means a simple behavior depending on the values of the governing parameter: from a hardly discernible monotonic increase at its low values, through a bimodal paradoxical phase, and, again, to a nearly monotonic but drastic increase at the highest parameter value. Thus, from the above considerations, we conclude that the dose dependencies with both extrema and plateaus (even with a threshold) belong to a common class of curves, for which the differences are only in relationships between damaging and reparative (in the broad sense) processes.

As for the literature data on low-level irradiation, the most frequently met is the dependence with a plateau on the dose curve, e.g. for cytogenetic damages [10, 11] or for a total mortality by cancer among the people of Japan survived the atomic bombing [12], etc.

It is important to consider the dependence of reparative processes on a radiation dose-rate and irradiation doses. There are two extreme viewpoints: (1) the reparative systems are turned on under the action of any dose-rate and irradiation dose with equal efficiency;

(2) there are dose-rates and/or irradiation doses that the organism does not perceive and does not rum on the reparative systems; the latter are either inactive, or begin functioning with a delay and less efficiently. According to the first viewpoint, any, even minor, radiation exposure triggers the reparative systems. Then, the lower the dose-rate or irradiation dose, the less the extent of damages and the higher the probability of appearance of a theshold and even of the effect of an opposite sign. In the second case, there must exist a dose range within which the obtained damages are realized. With an increase in the dose (or the time since the beginning of irradiation), the effect increases, reaches the maximum, and begins decreasing due to actuation of reparative systems. In our experiments, we determined the dose-effect dependencies which were consistent with the second viewpoints [2].

As we have shown above, the extrema on the dose-effect dependencies are correlated with the radiation intensity, dose, and initial parameters of a biochemical index under study. The table shows various biochemical characteristics of cells of animals irradiated with various radiation intensities. It is evident that the radiation-chemical yield per dose unit increases with a decrease in the dose-rate. The same trend is observed in a comparison of the dose values that cause the equal effect. Since the dose-effect curves are nonlinear, it is difficult to reveal whether the same inverse dependence on radiation intensity holds true not only for the radiation-chemical yield but also for absolute values of the effect.

We compared the studied biochemical indices related to the doses lower than or equal to those responsible for extreme values. It appeared that, within this dose range, low-level irradiation produces a more pronounced effect than irradiation of a higher dose-rate does. At the same time, higher doses (above those related to the extremum) of low-level irradiation are less effective as compared with the higher dose-rate irradiation (Fig. 3). These data are consistent with our viewpoint that the extrema on the dose-effect curves are accounted for by the absence or deficiency of reparative systems activity.

Let us consider the regularities in the behavior of three parameters related to the extrema on the dose-effect curves, namely: the time during which the extremum is reached, the dose at which the extremum is observed, and the value of the effect at the extreme points, depending on the radiation intensity differing by factor of 10 to 100. From the variation of DNA structure characteristics, it is evident that a decrease in the dose-rate results in a longer time of reaching the extremum, a decrease in the dose related to the extremum, and a decrease in the extreme effect value. In fact, similar dependences were observed for all membrane characteristics. The exception is the data for the lowest dose-rate associated with maximum effects. If the extrema are observed at the time of turning the reparative systems on, the determined regularities are the following: the lower is the radiation intensity, the later reparation turns on.
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Fig. 1. Types of dose dependences (a-c) for damaging effects (solid lines) and reparative systems (dashed lines) and (a'-c') resulting dose dependences. Effects (in relative units, r.u.) are plotted versus doses.
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Fig. 2. Dose-effect surface for various values of parameters. Parameter values are plotted on axis x, doses - on axis y, and resulting effect values - on axis z., r.u.

We can not accept the reasoning of the authors of [13, 14] that the result of low-level irradiation, depending on a radiation intensity, is that a cell either "chooses" a programmed death (apoptosis), or triggers the synthesis of repair enzymes, or stops its dividing. From the results obtained we determined similar (but transformed along the axis of time) rather than different regularities for all studied radiation intensities. Therefore, it may be concluded that the dependences of effects on doses of low-level irradiation are correlated with the dependences on the time of initiation of the reparative systems.

It is important to study the impact of low-level irradiation in terms of population. The principal effects detected for a great variety of systems are the change (elevation) of dispersion in various indications of a population and a decrease in resistance including an adaptive one. For example, in a population of irradiated people, there is an increase in the number of those whose blood cells do not give an adaptive response to a subsequent irradiation [15]. The constraint force between separate indications is altered, which is especially noticeable for groups of people who received low radiation doses. Our studies revealed changes in the correlation between various parameters of both antioxidant and immune status of the participants of clean-up works after the Chernobyl accident [2].
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Fig. 3. Dose dependence of spleen DNA binding to NC filters for various dose-rates:

(1) 0. 41 x 10-3, (2) 4.1 x 10-3, and (3) 41 x 10-3 mGy/min. DNA binding are plotted as abscissa (r.u.), irradiation doses - as ordinate, mGy.

The irradiation-induced changes in the structure of a population may cause an unpredicted response of the population to any particular event. In [16], a seemingly satisfactory population of posterity of irradiated Drosophila flies exhibited a so-called populational breakdown in one of the generations and was lost following the regularity different from that for other generations. It was shown that 15 generations of cells irradiated with the doses of 10-50 cGy "remember" the irradiation and respond to external stimuli otherwise than the control [17]

According to [18], low-level ionizing radiation should be regarded as a source of biologically significant signaling. Having analyzed the changes in the immune system from the point of view of changes in the immune system, the author [18] infers that inadequate signaling induced by low-level irradiation results in disturbances in the spatial organization of the immune system and its integrating functions in the organism. In a sense, it is similar to aging of the immune system and the organism as a whole.

An unusual transformation of cellular populations exposed to low-level irradiation was revealed for unicellular organisms of a different genetic organization and distinct phylogenesis [19]. A triggered transition of the cellular populations to a stationary state was observed: an increase in the level of phenotypical mutation of cells and a decrease in a life span of the populations. No repair of intracellular changes responsible for this effect was revealed. It is of interest that the most pronounced decrease in a number of divisions of exposed cells was observed in the case of the lowest dose studied. The author [19] also interprets the results as a verification of accelerated aging of the population exposed to low-level irradiation.
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Fig. 4. Dose - effect surface for various dose distributions. Dose distribution parameter is plotted on axis x, doses - on axis y, and effects - on axis z, r.u.

While considering the effect of low-level irradiation on populations, one should note a wide heterogeneity in their response to irradiation.

In terms of our model, the heterogeneity of real populations with respect to their sensitivity to irradiation may be treated as a heterogeneity with respect to a governing parameter. In this case, the observed variety of individual dose dependencies may manifest itself in the estimation of radiation effects on populations. Various populations may have various distributions or, at least, varying parameters; this may manifest itself in their different response to the same stimulus.

Another aspect of the heterogeneity of a population response is that the influence value, i.e., a dose, is also distributed in real populations. This heterogeneity with respect to doses is relatively well-studied [20]. It is known that, depending on profession of people comprising a population under study, not only parameters but also a kind of distribution varies. If for the population of radiation-contaminated regions or mining workers, the distribution of received doses is of the exponential or hyperbolic form, i.e., a maximum number of people receives minimum doses; then for professional clean-up workers, for whom maximum permissible doses are higher and supposed to be better monitored, the distribution is of the approximately lognormal form and, consequently, a modal dose is other than minimum one.

Thus, the estimations of radiation effects on populations include a superposition, i.e., a combination of two kinds of heterogeneity; as a result, the estimation results depend inevitably on specific conditions of a study. In fact, the radiation effects on populations are studied in various regions and populations that are nonequivalent in size and incommensurable in dose load distribution. The loads are varying with time, whilst statistics are collected and compared sometimes for various periods of time. Therefore, it is no wonder that conclusions made on the basis of inconsistent information without reference to real systems are controversial and the obtained results are not stable and diverse.

The problem of a full analysis of a model with a simultaneous distribution in sensitivity and dose is beyond the scope of this work. We show the role of heterogeneity with respect to a dose for a case of an individual dose dependence with an intermediate value of a governing parameter (see Fig. 1b').

The population effect of irradiation at a given dose will be assumed as the result of multiplication of this dose frequency in the population by the value of an individual effect of the given dose. More exactly, this function ishould be called as "the dose density effect". Then, a total effect of irradiation (as a single event) on a population (as a whole) will be (for the given irradiation level) a number, i. e., an integral of the density function over the dose.

With an exponential dose distribution, we find that only low doses make a contribution in an irradiation effect on a population because a probability of meeting with a high dose in a population is so small that its contribution is neglible despite its comparatively high individual effect. Correspondingly, the sign and value of the effect are those as with low doses.

With a lognormal dose distribution, the pattern is more intricate. It is evident that a predominant effect on a population will be accounted for by where a dose distribution mode is located, i.e., in what region of an individual dose dependence.

Figure 4 shows the resulting dose surface of the irradiation effect on a population with a lognormal dose distribution (for various mean values) and with an individual dose dependence of the form shown in Fig. 1b'. It is evident that the value of the effect density (in the above-mentioned sense) and even its sign may be determined by the dose dependence parameters.

Thus, low-level irradiation changes the structure and hierarchy of a population, its response to various external stimuli, its interactions with other populations; it increases (as is the case with individual organisms) the sensitivity of the population to the action of damaging factors, and decreases drastically its adaptive capabilities. All these may appear essential for stability and normal development of the biosphere as a whole.

It is known that the biosphere is an immense multivariate nonlinear system. From the point of view of ecology, it is essential to determine the regularities in the action of external disturbing factors, to estimate how stable the biosphere is and how fast and to what extent its adaptive system responds efficiently to these factors to ensure it to return to its initial state of quasiequilibrium. In the 1970s, the scientists of the Russian Academy of Sciences started extensive research of the biosphere as a unified complex system [21].

In the computer-aided experiments, the subjects of investigation were the quasiequilibrium states with which any particular event of a large-scale man-inflicted effect on the biosphere (e.g., atomic war) could end.

It was determined that when the impact level exceeds a certain threshold (the energy of the order of 2,000 to 3,000 Mt of trotyl equivalent), the biosphere never returns to its initial state. This induces changes in the atmosphere circulation, structure of oceanic currents and rainfalls, and final distribution of temperature and, consequently, the biota. According to the findings of a team of scientists who have made the first qualitative assessment of the "nuclear winter", the biota, if survives, will be depleted and may be (it is crucial) unmanned [22].

At the same time, as was claimed by N.N. Moiseev, one of the authors of the concept of the "nuclear winter", a similar qualitative restructuring is not necessarily caused by a large-scale impact such as nuclear war. A transition to a new quality state may result from insignificant but persisting perturbations. This is the most important and hazardous because, in this case, the transition to a new state is unnoticeable and unforeseen at its initial stages.

According to a former opinion formulated by J. Hadamard, a French mathematician, a model system is recognized as correct if, within this model, a stronger impact is matched by a stronger response. In reality, this principle is violated more often than it could be anticipated: weak but persisting effects play a key role in bifurcational transitions of quasistationary systems to new states. During these transitions, the role of fluctuations responsible for what of many possible states a system will pass to increases. We suppose that the regularities in the action of low-level physical and chemical factors (of both natural and technogenic origin) should be considered from this point of view. For years, we have been carrying out research on the effect of not only low-level irradiation on bioobjects but also that of biologically active chemical substances in ultra-low doses, at least, far below the maximum permissible concentration. We revealed the same regularities in the response of systems to low-level factors as with irradiation, namely: a nonmonotonic polymodal dependence of a response on a dose, changes in the sensitivity to subsequent actions, an inverse dependence on an impact rating, and dependence of a response on the initial characteristics of an object [23].

Similar regularities were observed in the action of low-level nonionizing radiation [24]. We consider these regularities the most important in cases of weak effects on a multicomponent quasistationary system. These effects induce changes not only in constraint force but also in the hierarchy and pattern of distribution.

Under these effects, reparative systems are uneffective, resulting in disturbance of the control over internal and external regulators, changes in relations in the system of positive and negative feedback, and changes in relations between populations. Finally, this may results in changes in the correlation of the processes of homeostasis and development. A persisting exposure to these factors or a long-time retention of information of the effects provoke their showing up when the system is passing the critical points of bifurcation.

In conclusion, the biosphere can adapt to various external and internal moderate stimuli until the latter reach a threshold at which adaptation is impossible. At the same

time low-level active factors may affect (without inducing adaptive processes) the state of the

biosphere through bifurcational processes. What state will a system pass to depends on a variety of weak interrelated changes, which we can not integrate yet. The necessity of such an analysis for low-level irradiation is obvious.
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