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ABSTRACT

The mechanisms for the effect of biologically active substances (BAS) in ultralow doses (ULD)—10-13-10-17 M—in a solution containing a biological system are discussed. The data was obtained at the Institute of Chemical Physics, USSR Academy of Sciences and other institutes and laboratories. Common features of the mechanisms are revealed: the presence of a "dead zone" on the dose dependence and a complex polymodal character of such dependences, and the instability of the value and sign of the effect under invariable experimental conditions. Explanations of polymodal dose-effect dependences are proposed. The kinetics of diffusion BAS delivery to the cell is considered and limiting cases are discussed: delivery due to the establishment of a concentration gradient and to the random walk of individual particles. Evaluations  indicate that the BAS delivery time can be rather short -102 s. The mechanism is proposed for the BAS effect in ULD according to which the basic principle is the fluctuation of the concentration of BAS in ULD. Corresponding probability evaluations are made. The mechanism proposed explains the apparent irreproducibility of the effect. The hypothesis of the "signal pathway" of the BAS effect is discussed. It is shown that the effects of BAS in 10-17 M concentrations are explained within the framework of the classical concepts of chemical kinetics and biology

1. INTRODUCTION

A vast, continuously increasing body of evidence for an extremely high sensitivity of biological objects to chemical and physical endogenous effects can be found in the literature. Biological objects are capable of reacting to the presence of peptides, hormones, and poisons in concentrations below 10-12 M. Olfactory cells react to individual molecules of an odoriferous substance. Visual reception involves a response to individual light quanta.

Scattered data on the biological effect of medicinal preparations in low and vanishingly low concentrations are available [l-ll]. In these studies, biological systems act as sort of supersensitive detectors. Mention should also be made of the bicentennial positive experience of homeopathy and of unsuccessful attempts to substantiate it from a physicochemical standpoint [12].

The available data testifying to the existence of the effects of biologically active substances (BAS) in ultralow doses (ULD) stimulate the formulation of a natural question: How frequently does this phenomenon occur and what are the mechanisms underlying it?

The present paper deals with several examples of the effect of BAS in ultralow doses. Possible mechanisms of this effect are also proposed.

2. EXPERIMENTAL DATA

The Institute of Chemical Physics, USSR Academy of Sciences, has performed a number of pioneering studies in the ULD range [1, 5, 6]. The effect of organic peroxides on the growth of tobacco cells was examined in one of these studies [5]. It was found that upon lowering the concentration of peroxides, a reliable effect was observed at concentrations down to ultralow values of 10-15 - 10-17 M (Fig 1). 

However, the dose dependence of the effect repeatedly changed its sign (growth inhibition-growth stimulation). One of the first studies in the ULD range was dedicated to the effect of an antioxidant in the concentration range С=l0-5-10-17 M on the electrical activity of an isolated neuron of the grapevine snail [I]. An extremal dependence of the activity on С with a maximum at С=l0-15 M was found. Opposite-sign effects of nitrosomethyl-urea on the growth of mouse spleen cells in therapeutic doses (l0-1 mg/kg) and in ULD (10-8 mg/kg) were revealed [6].
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Figure 1  The dose dependences of relative biomass increase of callus culture of Nicotiana tabacum cells at 20 days (left ordinate) and corresponding values of t-statistics (right ordinate) for four compounds: peroxide of succinic acid, tert-butylperbenzoate, tert-butylhydroperoxide, and 3,6-dichlopicolinic acid.
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Figure 2 The dose dependences of the T-activine action effect on processes of phagocyting of neutrophils (a) and of rosette-formation of lymphocytes.

A significant effect of T-activin and levamisole at concentrations down to С=l0-10-10-15 M on lymphocyte rosette formation and neutrophil phagocytosis was disclosed [9]. A complex dependence of the effect on the dose was found (Fig 2).
Prior to the analysis of the available data on ULD, two remarks must be made. First, in this paper we shall deal with BAS effects in concentrations not lower than lO-17 - lO-18 M or not less than 103 molecules in 1 ml. Second, the effect can take place not only with a significant (according to Student) difference between the mean values in the experiment and the control but also, among other things, with a significant difference between the variances with unchangeable mean values or with small, but stable, changes of the mean values which become reliable only on processing the whole totality of the experimental data by nonparametric methods or in a change of the structure of significant correlations between the measured values.

3. ANALYSIS OF THE RESULTS AND DISCUSSION

In order to define the subject under discussion more clearly, let us formulate the characteristics of the BAS effect in ULD. The most important characteristics, in our opinion, are:

1. Principal similarity of these properties in a great diversity of biological systems and effects exerted on them;

2. The existence of a significant effect at ultralow concentrations which has not been studied earlier because of its alleged biological insignificance;

3. The presence of a "dead zone" on the dose dependence, i.e., an internal region in the concentration range studied where the effect does not exist;

4. Complex polymodal character of dose dependences;

5. Instability of the value and sign of the effect under invariable experimental conditions.

The last point seems to be most unexpected and unusual. However, as subsequent analysis of the problem will show, such an instability is absolutely natural in the ULD region where, unlike well-studied systems with higher concentrations of the acting masses, individual interactions of a BAS with a cell occur. The description of the system is then no longer continuous and acquires, in fact, a discrete, combinatorial character.

These characteristic signs of the phenomenon are closely associated with some aspects which seem to be beyond the bonds of accepted views and arouse a certain skepticism. These aspects are:

1. The technical possibility of obtaining and verifying ultralow concentrations of substances, i.e., the dilution problem;

2. The complexity in explaining the possibility of the effect in terms of traditional chemical kinetics (delivery times, interaction probability, etc.);

3. The incommensurability of the effect observed and the initiating action (biological amplification).

Discussed below are the main problems: types of dose dependences, kinetics of BAS delivery in ULD, concentration fluctuation, and the systemic effect of BAS in ULD.

3.1 Dose Dependence

Generally speaking, the complex character of the dependence of the effect on BAS concentrations does not seem to be too surprising at the present time, although in the medical literature the non-monotone dose curves are still considered paradoxical.

Many mechanisms for the interaction of receptors, their positive and negative cooperation, clusterization, internalization, etc., have been proposed on the molecular level. These interactions can strongly complicate the shape of the dose curves, but we shall omit them from consideration since they are not specific to ULD. We shall only give an elementary example, which can be traced back to Kobozev's idea of molecular ensembles [31] and Delisi's concept of polyvalent receptors [16], that the simplest cooperation of a threshold character is sufficient for the formation of a maximum.

Suppose that the cell reacts to a BAS in the case and only in the case that among R receptors on its membrane, only some of them are occupied, k(k<R), or k valencies of one receptor.

Let P(C) be the probability of a unit event for sorption of a BAS molecule on any receptor at concentration C. Then the probability of the effect as a function of the concentration is the binomial probability of occupation of any of k receptors among R possible:


[image: image3.wmf]k

R

k

k

R

C

P

C

P

C

C

A

-

-

=

)]

(

1

)[

(

)

(


It is evident that the extremum condition, dA(C)/dt = 0, is fulfilled either at P(C)= k/R if function P(C) tends monotonically to 1 with concentration С or at P(C) = 0 if P(C) is non-monotone.

Therefore, at k < R this scheme always ensures the extremal character of the dose dependence. The larger the initial number of receptors, R, the lower the dose is at which the maximum is attained. This agrees with results obtained in a slightly different manner [16].

In particular, for a sufficiently large number of receptors on the cell, the maximum can shift towards the region of "imperceptible", unusually low, concentrations and the dose dependence acquires a "paradoxical" character: the stronger the action, the less intense is the effect.

3.2  Kinetics of the Delivery of Biologically Active Substances in Ultralow Doses to Cell Targets

It was noted above that the very possibility of the encounter of individual BAS molecules with a cell within a reasonable period of time is difficult to understand. It would seem that these individual molecules should chaotically wander for a long period of time in the pericellular space before contact with the target and that only after the accumulation of a sufficient number of them in the pericellular space and the transition to equilibrium can the system respond. Calculations show that this expectation is delusive.

For the capture of a BAS molecule by the receptor, just contact of the former with the membrane is often sufficient. After that, through lateral diffusion on the surface of the membrane (in the case of BAS adsorption) or repeated contacts with the membrane (in the absence of adsorption), the BAS molecule will "find" the receptor with a rather high probability [14,15]. For the sake of evaluation/ we shall assume that the radius of the cell is r = 2x10-3 - 1x10-2 cm, the BAS diffusion coefficient in the aqueous solution is D = 10-5 cm2/s, and that the reaching of the cell surface by a molecule results inevitably in reception and in the appearance of an effect. It is well known that there exists a powerful mechanism of biological amplification (its discussion is beyond the scope of the present paper), and due to this mechanism, the reception of 1-10 molecules leads to the response [16-20].

We will make the approximate assumption that the number of molecules is sufficiently high and that their reception occurs through the action of established diffusion flows. Relevant evaluations, invoking the data published by J.Crank [21], indicate that the reception time of 50-90% of the amount of a dissolved BAS does not exceed several minutes.

Consider a different situation: the number of particles is very low and we therefore have no right to suggest the existence of a concentration gradient. It can be shown that the probability, q(), of the time of the first contact with a point located at a distance у does not exceed т is
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where (х) is the normal distribution function.

Having established this probability, we can consider Bernoulli's scheme ("hit"-"miss") for the event of the contact with probability q within time . The initial number of the molecules being n, the number of those in contact is nq.

Now, by varying т and n, we can evaluate, among other things, the values of the parameters at which, on the average, at least one molecule will hit the cell, i.e., the mean number of delivered molecules will be commensurable with unity: nq > 1.

It is evident that at nq ~ const, the time of coming into contact, , will decrease with the growth in the number of molecules, n. In other words, within the framework of the first hit hypothesis, the detection time of the effect should decrease with the growth of the concentration. This statement permits experimental verification.

Figure 3 displays the dependence of probability q on т at different у in log-log coordinates, the diffusion coefficient being D=10-5cm2/s. It follows from the Figure that, for instance, the probability of the situation that the first hit time at a distance of у = 0.1 cm will not exceed  = 100 s is q = 10-3. This means that if the initial number of molecules, n, at the starting point of diffusion is larger than 103 (n>103), the mean number of the first molecules delivered within this period of time will exceed unity (nq>1). The volume of the reaction space being 0.5 ml and the minimum effective concentration of the substance being 10-17M (the conditions for earlier experiments [1]), the number of molecules in this space is 3x103, i.e., just sufficient for the registration of the effect within a period of time having the same order of magnitude as in the experiment.

Thus, evaluations show that the delivery times of BAS to the target fit the accepted views, assuming the possibility of cell response to individual effects, and in this case there is no need to invoke any additional assumptions.
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Figure 3 The probability of the effect as a function of first achievement time of a cell by a BAS molecule; y-diffusion distance, [y], cm; [], s; D = 1.10-5 cm2/s.

3.3 Concentration Fluctuations as a Possible Source of the Biological Effect in Ultralow Doses

It should first of all be noted that in the ULD region the concept of concentration loses its clarity. Indeed, since the BAS molecules are counted "by the piece", the distribution in the volume becomes discrete and the role of the nonhomogeneity of the medium and of the nonuniformity of BAS distribution in the vicinity of the target becomes more significant. In ULD (at low n), these factors acquire fundamental importance. For instance, in the presence of a small number of BAS molecules in the volume under study, the conditions being superficially invariable, the experimenter can obtain random responses of the cell, depending on the concrete random distribution of BAS molecules on the cell in a certain experiment, i.e., will deal with typical irreproducibility.

It stands to reason that this situation calls for thorough investigation. It can be supposed that the observed instability of the effect in ULD is exactly associated with local fluctuations of the amount of BAS near the targets, i.e., with concentration fluctuations.

It can be thought that the nonuniformity of the distribution of BAS in the vicinity of the target becomes in itself the cause of a certain response of the cell. In this case the fluctuation turns from the impediment hampering reliable registration of the effect into a mechanism generating this effect. This situation can be described, for instance, by the following model of unbalanced reception.

Assume that every reception event may induce two types of response in the cell: "+" type with probability P and "-" type with probability 1- P. Then upon reception of n BAS molecules, we deal with binomial distribution, Pk of the number of "+", k, with mean + = nP and of the number of "-" with mean _ = n(l - P).

Also assume that we can observe the effect if the relative unbalance of the number of "+" and of the number of "-", r = {(n - k) - k)n = 1 - 2k/n, exceeds a certain threshold value, ro.

The mean value of r is, evidently, =1-2P and its variance is 2=4P(1-P)/n; the variance attains its maximum (which in this case is equal to 1/n) at P = 0.5.

Thus, at P = 0.5,  = 0, and large n (high BAS concentrations) we shall have a reliably balanced system, i.e., there will be no effect.

With n decreasing, variance will hyperbolically grow and simultaneously with it the probability will increase of the effect as a random prevalence either of "+" or of "-" or as the probability of the excess over the threshold unbalance, ro:
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The effect in this case will have any sign with equal probabilities. 

Physically, two types of cell response can be realized: two kinds or two conformations of the receptors, their different charges, or any binary states of the target.
3.4  Systemic Effect of Biologically Active Substances

It is highly probable that the most complex types of behavior of the cell controlled by external factors, such as BAS reception, are based on several "unit" reactions of the "multiplication-suppression" kind and their interrelation [23].

It was noted above that BAS can have simultaneously many different targets in the cell (and in the organism) their action changes cell metabolism along different pathways. The interaction of the targets and pathways located on different levels of the hierarchic cell regulation system can be noted, among other ways, in the complex character of the dose dependences observed. Their complexity can be related to the fact that at different BAS concentrations various pathways of the effect gain preference. Thus, in the range of ultralow concentrations, the mechanisms which at higher doses remain unnoticed acquire the possibility of action.

We have classified the metabolic pathways with respect to the combinations of specificity and affinity characteristic of them, assuming that:

1. A nonspecific but highly affine pathway is the cause of a short-term adaptation rearrangement of the metabolism with respect to the action of substances in ultralow "signal" doses;

2. A specific and moderately or highly affine pathway forms the basis of regulatory reactions;

3. A nonspecific pathway (with different degrees of affinity to the target) involves the rearrangements of cell metabolism in response to changes in physico-chemical characteristics of the cells, such as pH, charge, viscosity, etc. In a number of cases the basis for this pathway of the BAS effect on the cell consists of changes in the properties of membranes [24], e.g., structural viscosity, although this pathway mechanism is often referred to as a low-efficiency mechanism responsible for the side, rather than main effect of a medicinal preparation. Progress in membrane biology makes it possible to explain the соmon features of the BAS effect by specific and nonspecific mechanisms. Thus, it is known that the binding of BAS by a receptor changes the viscosity of the lipid bilayer which, in its turn, changes the activity of other membrane proteins [25]. At the same time, these substances are also capable of directly changing viscosity, undergoing dissolution in the lipid bilayer.

Let us briefly discuss the "signal" effect of BAS. The effect of BAS in ULD (10-15-10-17M) is indicative, firstly, of the presence of highly affine binding sites for them and, secondly, of the existence of a large number of the sites. The existence of both of these factors enables the formulation of some suggestions:

1. The binding sites for BAS in ultralow doses are the allosteric sites of different cell receptors;

2. The "address-oriented" character of interaction with the site and the possibility of such an interaction are ensured not by the structure of the BAS on the whole but by its individual functional groups, such as hydroxyl, carboxyl, amino, thiol groups, etc. This can explain high affinity and simultaneously nonspecificity of action;

3. A medicinal preparation in ultralow doses is also bound to those target sites which are responsible for the effect of the preparation in higher doses. These sites can feature both negative and positive cooperative effects.

Everything said above in relation to the second and third pathways of the effect of BAS on the cell (the existence of the extremal dependence, a "dead zone" in the effect of preparations) is also valid for changes in doses of preparations leading to a transition from the first to the second pathway.

Taking a concrete example, let us consider a simplified scheme of a systemic effect of BAS on a cell having two targets for a given substance; these targets can have different sensitivities to BAS and affect one another in a certain manner. The ligand-receptor interaction can be regarded as a prototype of this scheme; the ligand is known to interact not only with one type of receptor and not only with receptors but also with other components of the cell membrane.

The scheme has the following structure (Figure 4). A BAS (4) interacts with the receptors (1); the result is transferred to a conventional regulator (3) whose state determines the effect and influences the state of membrane lipids (or the conformation of the membrane (2)) which, in its turn, alters the sensitivity of the receptors (1) to the BAS (interaction constant). Apart from the BAS, such an agent as an antioxidant (5) can directly alter the state of the membrane.
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Figure 4 Scheme of combined influence on a cell: 1) receptors to BAS, 2) membrane state, 3) conditional regulator (goal of action, source of effect), 4) BAS, 5) antioxidant


This scheme seems to be both rather simple and rather general. Thus, element (2) in the scheme can be interpreted not as lipids but as another type of receptor favoring cooperation of receptors (1). The conventional regulator (3) can be regarded as a DNA-membrane complex, ligand-receptor complex, or it can simply coincide with the membrane conformation, etc.

The most essential point here is that the action of the BAS on the cell can occur both via receptors (1) and via a less specific channel (2). This proves to be sufficient for the scheme to possess the most characteristic features of the phenomenon under study:

the change of the sign of the effect, the presence of the "dead zone", and sensitivity to ultraweak interactions.

In order to visualize this statement, let us present the scheme in a still simpler form (Figure 5).

Let the concentration of the BAS (3) be maintained constant (x3=const); the effect is determined by the state of target (2), i.e., by the weighed sum of the contributions of the action of the BAS via receptor (1) (with coefficient a) and "directly" (with coefficient ):
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The interaction between the BAS and the receptor obeys the ordinary kinetic 
[image: image9.wmf]equation 
[image: image10.wmf]1

2

0

1

1

'

1

)

(

x

k

x

x

k

x

-

-

=

, where 
[image: image11.wmf]0

1

x

 is the initial number of free receptors. Then under steady conditions at 
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and the effect is
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With certain relationship between parameter 1x0>(>0 "the dose (хз)—effect (х2)" dependence will have an extremum.

At low x2 values, the existence of measurement errors and of the natural biological variability of the response can make the effect unreliable which gives rise to the appearance of the uncertainty band; the band, in projection on the dose coordinate, will appear as a concentration region within which the otherwise reliable effect is not observed ("dead zone"). Similar reasoning was used in other studies [24,27].

[image: image15.png]



Figure 5 A simplified scheme of combined influence on a cell.
As a result, the scheme (Figure 4) and even its simplified version (Figure 5) prove to be informative.

Thus, the analysis of the problem shows that the observed phenomenon can undoubtedly find its explanation on the basis of the already existing concepts of cell regulation mechanisms. All the components of the scheme are already known in themselves, the only difficulty consisting of its visualization in full, finding the most adequate hypothesis in each case, and obtaining a fully generalized and informative result from the minimum set of known facts.

4. CONCLUSION

The present study is only the first attempt at consideration of the general mechanisms of the BAS effect in ULD. Several possible mechanisms of the effect of BAS in ULD are proposed and discussed; it is shown that these effects can be explained within the framework of well-known physical, chemical and biological concepts.

Generally speaking, in discussing the results of studies of the action of chemical preparations in ULD or of weak chemical stimuli, the common character of the effects of the chemical and physical nature should be emphasized. This allows us to put forward a hypothesis for the existence of a "signal" pathway of the rearrangement of cell metabolism upon the action of chemical agents in ULD. This signal pathway can and should be used in medicine, agriculture, etc. New approaches to the evaluation of MAC levels of chemicals are needed. Of course, in actual practice the conditions and methods of application of BAS in ULD would be different than in working in the conventionally-employed concentration range. The presently accepted mechanism of biological amplification and the probabilities of the attainment of the receptors by individual molecules within a short time interval sufficient for inducing a response form the basis of our "signal" pathway hypothesis. The effects caused by solutions with the expected concentrations below I0-17-lO-18M at which, on the average, less than one molecule per cell is present in the system, lie beyond the scope of the present study.

Comparing the effects of BAS in the ordinary concentration range and in ULD, it should be noted that not infrequently these effects prove to have different signs. A situation is often encountered where the sign of the effect of a BAS changes as the concentration varies in the ULD region. This means that similar effects of BAS can be expected in the ordinary concentration range and in certain ULD. The practical conclusions from this statement are evident.

It seems that further studies in the ULD region should proceed along the following lines:

1. The development of experimental methods for preparation of chemical solutions in ULD;

2. Determination of mean concentrations or the number of molecules of the substance;

3. Verification of the independence of the biological effect on the preparation method of the solution;

4. A proper statistical analysis of the effect of BAS in ULD rather than information on the results of individual measurements.

A sufficient body of interesting results of observations concerning ULD has been published, and their thorough checking seems to be no less important than new communications in this field.

Experiments involving simultaneous registration of different effects of BAS in ULD should be carried out which will provide more reliable information.

It can be hoped that further experiments and progress in theoretical biophysics and fluctuation kinetics will be conductive to the determination of the applicability boundaries of the "signal" pathway concept as applied to the effect of chemical agents. There is more and more evidence of the "signal" pathway for the effect of physical factors (thermal energy, electric and magnetic fields).
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