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freshwater hydra, there have been found several 

stereotypic alimentary, locomotor, and defensive 

reactions accompanied by coordinated move-

ments of various parts of the body [3]. Besides, 

this animal group shows obvious signs of central-

ization, i.e., concentration of neurons in certain 

body areas, such as the basal disc and oral neuro-

nal clusters in hydra and rhopalia in jellyfish [4, 5].

In the course of further development of the 

nervous system, the number of its constituent 

structures rise, which provides reliable ground 

for management of the increasing number of mo-

tor reactions. This occurs on the background of 

formation of cell clusters of their composing ele-

ments. As a result, the appearance of separate neu-

ronal masses indicates transition to the nervous 

system of the ganglion type [1–3].

Intraganglionic consolidation of neurons con-

nected to each other as well as to receptors and 

effector organs has provided reliable interactions 

between separated alimentary, respiratory, circu-

latory, reproductive, motor, and other systems. 

The parallel increase of the central nervous struc-

tures that are in the subordinate dependence on 

The nervous system, in the course of its his-

torical development, has passed pathway from a 

small-numbered population of primitive sensory 

cells located within the limits of body integuments 

(ectoderm) to multimillion and multibillion asso-

ciations of neuronal and accessory (glial) elements 

arranged in an apparatus of management of the 

work of the whole organism.

EVOLUTION OF THE NERVOUS SYSTEM 

AND LOCALIZATION OF FUNCTIONS

The least advanced organization is character-

istic of the network-like or diffuse nervous system 

of coelenterates [1, 2]. In this case the neuronal 

processes are dispersedly distributed in the ecto-

derm, form synaptic contacts and involve the en-

tire animal body was a network. Such a structure 

is traditionally considered to be unable to provide 

differentiated reaction to stimulation, as the rapid 

(up to 120 cm/s) transduction of excitation from a 

stimulated point in all directions involves the en-
tire organism in the response reaction. This state-

ment is to be taken with a grain of salt. Thus, in the 
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each other makes it possible the coordinated func-

tioning of the above-mentioned organism systems. 

Various subtypes of the ganglionic nervous system 

(the diffuse-ganglionic in molluscs, the ladder type 
and the chain type in worms and arthropods) are 

variants of one initial basic scheme implying ag-

glomeration of neurocytes near their controlled 

body region 6]. Such segmentary organization al-

lows only a part of nerve cells to be involved in a 

response reaction and thereby increases the ability 

of the nervous system to process signals received 

through different sensory inputs. Further compli-

cation of this nervous system is accompanied by 

enlargement of its size, a shortening of intergan-

glionic fibers (the connectives between ganglia 

also lose their cells), approaching and fusion indi-

vidual ganglia into more massive brain conglom-

erates [7, p. 71] located as a rule in the anterior 

part of the body (the head). The solid nerve strand 

represented by the tubular system of chordates, 

with its segmentary structure in the truncal region 

(the spinal cord) and a thickening of the anterior 

part (the brain), has certain features of similarity 

with the considered variant of the final evolution 

of the chain type systems.

Logically, ganglionic organization of the ner-

vous tissue would have resulted in concentration 

of the neurons belonging to the same functional 

network within a single ganglion, and in coordina-

tional interactions between ganglia, i.e., different 

functional systems. But the actual situation is far 

away from the above-exposed one. For instance, 

in the mollusc Lymnaea stagnalis, respiratory net-

work neurons are located at least in three ganglia: 

the right pedal, right parietal, and visceral [8, 9]; 

those of alimentary network, in four: the left and 

right buccal and the cerebral [10, 11]; protective 

cells have been identified in the visceral, both 

pedal, and both parietal ganglia [12, 13]; locomo-

tor neurons, in pedal ganglia [14, 15], etc. Some 

ganglia are characterized by the higher autonomy, 

e.g., buccal ones and osphradium. Therefore, 

neurons sharing the same functional role are not 

strictly confined to a single ganglion, which is 

shown both by the above data and by results of 

analysis of cellular bases of behavior and regula-

tion of physiological functions in neuroscience 

model organisms [7]. At best, one can be stated 

that nerve cells of a given functional network are 

primarily located in a certain ganglion.

The neural network organization in the higher 

vertebrates has some features making it similar to 

that of invertebrate organisms. They include high 

autonomy and compactness of cell distribution in 

ganglia of the autonomic nervous system in a com-

bination with the presence of dispersed elements 

in the cortical parts of analyzers [16]. I.P. Pavlov’s 

concept of “dynamic localization of functions in 

the cerebral cortex” also emphasizes “erosion” of 

the neuronal network throughout the space occu-

pied by the nervous tissue. Data on neocortex cy-

toarchitecture and systemic organization obtained 

by different research groups [17–22] completely 

confirm this idea. Virtually every brain tomogra-

phy performed during task performance or under 

stimulation shows that increased activity is com-

mon to several brain areas [23, pp. 486–521] con-

taining numerous cells.

EVOLUTION OF INTERNEURONAL 

CONTACTS

The progressing increase of the nerve cell num-

ber accompanied by formation of new synaptic 

junctions is an integral feature of evolution of the 

nervous system. Since synapses represent the key 

element in neural integration [24], it is their ad-

equate development which underlies phylogenesis 

of the nervous tissue.

Presumably, the initial pathway of signaling 

from cell to cell served cytoplasmic bridges be-

tween neurons in the composition of syncytium. 

These structures are present in the brain both early 

in ontogenesis [25] and in adults individuals [26]. 

Somewhat different by morphology, but function-

ally similar to contacts of the syncytial type are 

electrotonic synapses. Cytoplasmic interconnec-

tions between adjacent cells by means of protein 

cylinders (connexins/innexins) allow unhindered 

cell-to-cell exchange of molecules [27]. The wide 

spreading of gap junctions in animals located at 

different steps of evolution and in the vast majority 

of cell populations from tissues of animal organ-

isms [28] also indicates the ancient origin of these 

contacts.

Until the present time it still remains poorly 

understood how connexins from adjacent cells be-

come so finely “tuned” to each other that even the 
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ion leakage from the connexon region into the in-

tercellular space is made impossible. Probably, this 

is a consequence of the previously existing syncy-

tial contacts between cells, which allowed coordi-

nation of intracellular translocation of structural 

molecules, including connexins, but then disap-

peared after creation of the fully functioning gap 

junction; selectivity of this contact became much 

higher than that of a simple cytoplasmic bridge 

due to a conformational rearrangement of its pore 

diameter.

In spite of the obvious complexity of the sub-

cellular machinery responsible for chemical syn-

apse proper functioning, as compared with other 

types of communication contacts, these junctions 

are not evolutionarily recent. Even in the simplest 

representatives of coelenterates the presence of 

true chemical synapses between neurons has been 

shown; moreover, they are always formed by neu-

rons of different types [29].

As follows from the above data, there are no 

strict proofs of evolutionary precedence of elec-

trotonic synapses over the chemical ones. Appar-

ently, they emerged in parallel with the only dif-

ference that gap junctions were aimed only toward 

intercellular communication within the same tis-

sue, whereas chemical synapses—also toward in-

teractions of cells of different tissue (neuromuscu-

lar and neuroglandular junctions). Contacts of the 

latter type provide information transduction over 

distances many times preceding the size of the 

single cell. It is to be noted that electrochemical 

junctions identified by neurophysiologists repre-

sent chemical synapses with several morphologi-

cal peculiarities, i.e., the larger synaptic contact 

area and the presence of numerous glial elements 

densely surrounding the synaptic region [24, 30].

It was suggested that in the course of evolution 

the ratio of electrical and chemical synapses de-

creased progressively in favor of the latter [31, 32]. 

It is considered that «the more complexly orga-

nized chemical synapses provide so much higher 

specificity and adjustability of intercellular com-

munication that they considerably displaced the 

electrical ones» (cited after [33], p. 67). This state-

ment needs several elucidations.

Indeed, the adjustability of chemical synapses 

is very high, but gap junctions also can be modi-

fied under the effect of various extracellular (neu-

rotransmitters) and intracellular (cyclic nucleo-

tides) factors [28, 34]. Chemical junctions are 

sensitive to low temperatures [35, 36], while the 

electric ones, by contrast, are heat-sensitive [37, 

38], which may explain their lower representation 

in homoiotherms. It is admitted, however, that 

temperature cannot be considered the major fac-

tor determining use of some particular mechanism 

[32]. On the other hand, electrotonic synapses are 

not submitted to fatigue and synaptic depression, 

are resistant to action of various neurotoxins and 

do not have synaptic delay in signal transmission. 

At the same time, cell differentiation requires the 

complete uncoupling of the cytoplasm of inter-

acting cells and, as a consequence, destruction of 

contacts of the gap junction-type—the number of 

electrical synapses decreases in the course of em-

bryogenesis [39].

However, the main “disadvantage” of the elec-

trotonic contact is considered to be impossibility of 
performing inhibition at development of excitation 

in the presynaptic cell, which considerably reduc-

es functional capabilities of these contacts, Actu-

ally, this means the absence of any coordination 

interactions between structural elements of nerve 

centers (for instance, the reciprocal and recurrent 

inhibition) and between the centers themselves. 

It becomes impossible to provide consecutive 

connection of neurons of different types. As a se-

quence, the gap junctions within the limits of the 

nervous system are present in the parts where syn-

chronization of electrical activity within groups of 

cells is needed, i.e., they provide parallel arrange-

ment of functionally similar adjacent neurons [32, 

40].

Thus, in the central nervous system of the mol-

lusc Lymnaea stagnalis, electrotonic synapses are 

found between neurons of the alimentary [10], 

locomotor [15], and respiratory [41] networks of 

defensive, modulator, and neurosecretory cells 

[42, 43] from the predominant majority of gan-

glia. There is no experimental evidence for their 

existence between interneurons belonging to dif-
ferent neural networks, e.g, of the alimentary and 

respiratory ones.

Thus, chemical junctions using various neu-

rotransmitter substances as signaling molecules 

are the necessary component of coordination in-

teractions between nervous centers.
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EVOLUTION OF CHEMICAL SIGNAL 

TRANSDUCTION

From the chemical point of view, the whole di-

versity of neurotransmitters and neuromodulators, 

in I.P. Ashmarin’s opinion [44], can be divided 

into two large groups: monomolecular and poly-

meric. The first group includes amino acids (gly-

cine, glutamic acid, aspartic acid, GABA), their 

derivatives (dopamine, noradrenaline, adrena-

line, serotonin, histamine), acetylcholine, ATP 

and its derivatives, and volatile molecules (NO, 

CO), the second group—numerous neuropeptides 

(neurokinins, opioid peptides, substance P, etc.).

It has turned out that there are no data indicat-

ing scarcity of the transmitter set in animals with 

the simply organized nervous system [6, 45]. Even 

coelenterates, for instance, hydra, are character-

ized by the presence in the nervous system of sever-

al neurotransmitters—dopamine [46] and GABA 

[47]. Representatives of the group of monomo-

lecular neurotransmitters (neuromodulators) are 

not to be considered as initial signaling substances. 

The appearance of compound of the non-peptide 

nature often represents the more complex process 

than a slight change in the primary structure of a 

short portion of the polypeptide chain [44]. Actu-

ally, this needs the presence of novel enzymatic 

systems and of the corresponding genes. The neo-

formation of peptide mediators can be provided by 

usual of mutagenesis, while subsequent translation 

of the novel gene product can occur with partici-

pation of the already available protein assembles. 

A reflection of such processes is formation of the 

majority of active neuropeptides from the large 

molecule-precursor, i.e., they represent product 

of one gene [48].

The wide spreading of regulatory peptides in or-

ganisms with the simply organized nervous system 

[6, 46. 49, 50] also indicates evolutionary antiq-

uity of this group compounds. On the other hand, 

monomolecular neurotransmitters, such as amino 

acids and/or ATP, are also present in animals lo-

cated at initial steps of evolutionary ladder and by 

no means in occasional cases [3, 46]. Perfection 

of ways of action of signal molecules is connected 

with the appearance of novel enzymatic systems 

[44, 45] responsible for removal of excess of trans-

mitter from the extracellular space (the synaptic 

gap) and restriction of the area of its action.

From the point of view of efficiency of use of 

chemical model as a mediator of interaction be-

tween cells, it is impossible to give preference to 

some group of substances. It can only be stated 

about the quantitative predominance of some type 

of transmitters over others in different groups of 

animals. Thus, in the course of phylogenesis, the 

portion of the peptidergic and monoaminergic 

neurons is restricted with a rise of the number of 

cells synthesizing the low molecular compounds 

of the type of acetylcholine and amino acids [45]. 

Formation of new monomolecular neurotrans-

mitters highly specific from the viewpoint of syn-

thesis and subsequent inactivation of monomo-

lecular neurotransmitters opens possibilities to 

provide regulatory actions in the newly appearing 

combinations of neurons (neuronal networks).

At present, the reason why there are so many 

neurotransmitters in separate nerve networks 

within the nervous system, even at the simplest 

levels of its organization, still remain unclear. 

The primary function of each signaling molecule 

evidently consists in excitation or inhibition of ac-

tivity of the target cell. This can be achieved with 

only two or even one neurotransmitter throughout 

the entire central nervous system. A presynap-

tic neuron (i.e., the structure utilizing the single 

neurotransmitter) potentially can exert opposite 

effects, both exciting and inhibiting, on different 

postsynaptic cells which was shown for the first 

time in the mid-1960s in the nervous system of 

Aplysia [51, 52].

The above question can be answered with the 

hypothesis of the nervous tissue polygenesis (D.A. 

Sechenov, 1974). According to his hypothesis, 

multiple and independent origins of neurons from 

different cell lineages, each with its own transmit-

ters, are proposed [50]. One of the proofs in favor 

of this hypothesis is the fact of neuronal specificity 

even in most primitive organisms: serotonin-con-

taining cells differ in their locations and connec-

tions from those using another transmitter, e.g., 

dopamine [53, 54]. In other words, nerve cells 

belonging to a certain network use predominantly 

some particular certain neurotransmitter. This is 

what allows affecting individual functions con-

trolled by the nervous system.

In the early 1990s, the concept was put forward 
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that every neurotransmitter secreted by a cell, 

apart from the signaling function within the syn-

apse, also provides a possibility for integration of 

local network elements [55, 56]. As a result, the 

target of a neurotransmitter is the network as a 

whole, and responses of its elements to the applied 

transmitter are mutually coordinated [57, 58]. Ac-

tually, it is the multiplicity of signaling compounds 

used in the intercellular communication which is 

the ground both for coordination interactions be-

tween the nerve network cells and for interactions 

between networks. Formation of transmitter-de-
pendent behavior, i.e., establishment of a novel co-

ordinate state of the organism, has been shown in 

a huge number of species—from various groups of 

invertebrate organisms to the higher vertebrates. 

It is obvious to be founded on unequal sensitivity 
of neurons to action of some particular chemical 

regulator, which is provided by diversity of recep-

tor structures.

In particular, the neurotransmitter representa-

tion of neuronal networks of mollusc Lymnaea 
stagnalis is rather rich [59]. The leading role in 

coordinate activity of each cellular ensemble be-

longs to only one of a variety of possible signal-

ing molecules. Thus, functioning of the central 

respiratory rhythm generator requires necessarily 

dopamine [60, 61], the locomotor one—serotonin 

[62], and the alimentary one—glutamate and/or 

nitric oxide [63, 64]. All this does not mean that 

other neurotransmitters do not have a modulat-

ing effect on the mentioned behavioral patterns. 

Thus, pulmonary respiration in Lymnaea stagnalis 
is submitted to effect of adrenaline/noradrenaline 

and GABA [60], serotonin [65], and nitric oxide 

[66]. The food-procuring activity is adjusted with 

participation of opioid peptides, serotonin [67, 

68], and other signaling molecules [69].

Genetic studies (the transcriptome analysis) of 

neurons of Aplysia also have revealed the widest 

representation of different receptors in individual 

cells [70]. This fact proves indirectly that every 

element of the network is ready for perception of 

numerous regulatory actions. The resultant reac-

tion of the network is determined by location of 

receptors, rather than of the source of synthesis 

of some particular transmitter [56]. On the other 

hand, peculiarity of any input from an afferent 

and/or command neuron is strong dependence 

of the network neuronal responses on a certain 

chemical signal.

CONCLUSION

Thus, owing to the presence of numerous signal-

ing molecules used in the central nervous system as 

neurotransmitters and/or neuromodulators, there 

is provided a possibility of effective coordination 

of activity of nervous centers. Actually, this allows 

individual cells to be involved in functionally dif-

ferent neuronal networks, i.e., indicates the con-

stant dynamic character of interconnection of the 

brain nervous structures. Establishment of new in-

terneuronal combinations, in turn, allows achiev-

ing the optimal resultant activity of the organism 

functional systems, which is directed at formation 

of the motor response providing the adaptive re-

sult required under the current conditions.
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