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A NEW HYPOTHESIS CONCERNING THE MECHANISM 
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A number of facts and observations seem to indicate that conditioned 
connections (temporary connections) are true neural pathways between 
certain parts of the brain and that conditioned reflexes after elaboration 
do not differ exseatially from unconditioned reflexes. Furthermore 
it was assumed that conditioned connections preexist and become 
effective as a result of the procedure of conditioning (Konorski 1948). 
According to the most widespread opinion, conditioned connections are 
established as a result of changes in the region of synapses; that is, 

, changes would occur in already existing synaptic structures - "potential" 
synapses (Barondes 1965). In favour of this opinion are the data of 
electron microscopy showing that the number of synaptic structures in 
the cerebral cortex reaches its maximum relatively early in development 
and does not subsequently increase appreciably (Aghajanian and Bloom 
1967), although the individually acquired activity of the central nervous 
system develops mainly at later stages. Oscillographic studies of 
"conditioned evoked potentials" (Buser and Roger 1957) have also led 
to the conclusion that $he connections revealed after the elaboration of 
a conditioned reflex pre-exist and are only facilitated as a result of this 
procedure (Fessard 1960). However, this assumption cannot be regarded 
as absolute, i.e. the possibility of formation of new synapses cannot be 
ruled out (Aghajanian and Bloom 1967, Beritashvili 1968). 

According to Eccles (1964), the transformation of "potential" into 
"actual" synapses is caused by repeated synaptic activity and may be 
due either to the formation of increased amounts of transmitter, or to 
the enhanced readiness of its secretion, or else to a growth of synaptic 
structures. But, of course, conditioning cannot be accounted for entirely 
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by changes in the synapses during their increased activity because it is 
based essentially on the coincidence in time of the conditioned and 
unconditioned stimuli. According to Anokhin (1968), the impulses 
generated by indifferent and unconditioned stimuli meet on the membrane 
of the same cell; the subsynaptic membranes enter into closest chemical 
interaction with the neuroplasm, with a subsequent change in the RNA 
code and formation of protein molecules which are the storers of the 
formed association; in the last instance the question is thus transferred 
to the field of biochemistry. According to Jasper (1967), the mechanisms 
governing the growth and consolidation of inborn, unconditioned con- 
nections may be similar to those established in the course of conditioning. 
Already Ariens-Kappers asserted that the phylogenesis of neural con- 
nections is similar to. the development of associative connections in the 
life of the individual (quoted from Beritov 1932). Examining the possible 
mechanism of formation of temporary connections Beritov (1932) attached 
some importance to the electrotonic spread of biocurrents along the 
neural circuits of the cortex and to the development of myelin sheaths 
of the nerve fibres; as we shall see below, these latter ideas are of 
special interest in connection with the proposed new hypothesis of the 
mechanism of formation of conditioned connections. 

The factual data and theoretical considerations underlying the 
proposed hypothesis will be set forth below. 

1. The use of direct current amplifiers has made it possible to 
establish that when a sufficiently strong volley of impulses reaches 
a given point of the cortex a slow negative potential lasting hundreds @ 

milliseconds develops on its surface after an initial, comparatively brief 
evoked potential. Rhythmic stimulation gives rise to a negative d-c shift, 
but when the stimulation is discontinued the potential returns to its 
initial level usually in a few seconds. These electric reactions were 
recorded in the somatosensory region of the cortex upon stimulation 
of spinal nerves and the skin (Arduini et al. 1957, Roitbak 1965), in the 
optic cortex upon light stimulation (Pearlman 1963), and in auditory 
cortex during the action of sounds (Gumnit 1960). In experiments with 
chronically implanted electrodes the potential shifts of the potential 
of the cortical surface turned out to be very variable in localization, 
amplitude and sign (Rowland and Goldstone 1963); they are in an 
intricate manner connected with the arousal reaction (Caspws 1961); 
apparently both specific and nonspecific afferent systems participate in 
these processes (Lickey and Fox 1966). 

After elaboration of a conditioned reflex (for example, by association 
of sound with electrocutaneous stimulation) the formerly "indifferent" 
stimulation begin8 to evoke in the focus of unconditioned stimulation, 



Conditioned reflex mechanism 83 

a reaction similar to the one evoked by the unconditioned stimulation. 
This concerns both the evoked potentials (Buser and Roger 1957) and the  
activity of individual neurons; studies of unit discharges in the somato- 
sensory cortex have established that after the elaboration of a conditioned 
reflex there appears a similarity in the reactions to conditioned and 
unconditioned stimuli, that is under the action of conditioned stimulation 
the given cortical neuron imitates the changes in spike discharges evoked 
by unconditioned stimulation (Shulgina 1967, Vasilevsky 1968). Thus 
after the elaboration of the conditioned reflex the conditioned stimulation 
begins to excite approximately the same complexes of neurons as does 
unconditioned stimulation. As to the d-c potentials, their records do not 
show such constant and simple results of duplicating the effect of the  
unconditioned stimulation (Rowland 1961). 

The slow negative potential of the cortical response to direct electric 
stimulation has been studied in great detail (Goldring and O'Leary 1960, 
Roitbak 1965). This is a local electrical reaction recorded on a territory 
with a radius of 3 mm around the stimulating electrodes (Fig. 1AB); 
the slow negative potential evoked by the second stimulus is reduced 
with intervals of less than 1 sec (Fig. 1C); on rhythmic stimulation the 
potential shifts to the negative side and upon discontinuation of 
stimulation it returns to the initial level in a few sec (Fig. 1E); during 
the slow negative potential the discharges of neurons in the given point of 
the cortex are depressed (Fig. ID). I t  is interesting to note that under the 

Fig. 1. Slow negative potentials on the surface of the cortex. A, slow negative 
potential a t  a distance of 0.5 mm from the stimulating electrodes; B, its absence a t  
a distance of 3 mm; time markings, 200 msec; C, weakening of the slow negative 
potential to the second stimulus applied 0.9 sec after the first, voltage calibration, 
1 mv; D, macroelectrode lead from the surface of the cortex (upper curves) and 
extracellular microelectrode lead from a neuron in the cortex (lower curves), time 
calibration, 70 msec, voltage calibration, 1 mv and 0.25 mv for upper and lower 
curves respectively; E, negative d-c shift recorded a t  a distance of 1.5 mm from 
the stimulated point, frequency of stimulation 100 per sec, stimulation lasted 3 sec. 
voltage calibration, 1 mv. All experiments performed on cats under deep NembutaI 

anesthesia 



84 A. I. Roitbak 

action of morphine and other analgesics these potentials are eliminated 
(Roitbak 1969). 

2. When studying the mechanism of conditioned reflex formation, we 
must take into consisderation the fect that the brain consists of nerve 
cells and neuroglial cells (there are ten times as many of the latter) and 
the greater part of the surface of neurons is in contact with the glial 
elements. The opposition of the membranes of the neurons and glial cells 
separated by narrow clefts about 150 A wide is of paramount physjologi- 
cal importance (Galambos 1961, 1965, Kuffler and Nicholls 1966, Roitbak 
1968). 

The assumption that the slow negative potential on the surface of 
the cortex is of neuroglial origin (Roitbak 1963) is now supported by 
a number of facts. Firstly, it was established that it is eliminated by 
certain doses of X-rays without any change in the dendritic potentials 
and primary responses (Roitbak 1969); these doses of X-rays cause 
noticeable mo~phological changes only in the neuroglial elements 
(Maxwell and Kruger 1965). Secondly, it was shown that the slow 
negative potential on the surface of the cortex to direct stimulation 
occurs simultaneously with depolarization of the membrane of the "idle" 
cell at  the given point of the cortex (Karahashi and Goldring 1966); the 
"idle" cells of the cortex were histologically identified as neuroglial 
(Kelly et al. 1967, Grossman and Hampton 1968) and they are apparently 
oligodendrocytes (Kelly et al. 1967). I t  appears that the glial cells of 
the cortex are also depolarized upon stimulation of the thalamus (Ka- 
rahashi and Goldring 1966, Grossman and Hampton 1968) and "spon- 
taneously" (Grossman and Hampton 1968). 

According to Kuffler (1968), the neuroglial cells in the cortex are 
depolarized by the same mechanism that was shown in the experiments 
on glial cells of amphibians, that is under the action of K+ ions 
liberated from the excited neural elements (Kuffler and Nicholls 1966). 
But another mechanism may be also assumed, since it was shown by 
electron microscope that the glial cells are in contact with the endings 
of the axon terminals containing synaptic vesicles (Mugniani and Walberg 
1964), and it was discovered that the membrane of the glial cells of the 
cortex is depolarized by ACh and GABA (Krnjevie and Schwartz 1967); 
consequently it cannot be excluded that the neuroglial cells in the cortex 
are depolarized by the action of chemical mediators which either excite 
or inhibit the neurons. 

Thus, when a volley of impulses reaches the given neuron-glial 
complex of the cortex, it produces postsynaptic potentials and the 
electrical discharges in the nerve cells on the one hand, and a prolonged 
depolarization of neuroglial cells, on the other. The depolarization of 
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neuroglial cells may serve as a signal for their trophic activity (Kuffler 
and Nicholls 1966). 

3. The known function of oligodendrocytes is the formation of myelin 
sheaths of nerve fibres in the developing central nervous system by 
encasing the naked axon cylinder in the processes of the oligodendrocytes 
(Bunge et al. 1962); when the glial process spirals round the axon, the 
cytoplasm it contains becomes obliterated and the plasma membranes 
draw closer together, forming a myelin sheath; the mechanism is similar 
to that of myelination in the peripheral nervous system (Bunge et al. 
1961). The connection of the membrane of oligodendrocytes with the 
myelin sheaths is shown also in the cerebral cortex (Mugniani and Wal- 
berg 1964). 

Oligodendrocytes form myelin not only during the development of 
the central nervous system, but also in adult cerebral tissue: oligodendro- 
cytes surrounding and encasing axons and then forming myelin were 
seen in a culture of adult cerebral tissue on the 14th day of incubation 
(Ross et al. 1962). The capacity of oligodendrocytes for myelination in  
the mature central nervous system clearly manifests itself under 
conditions of recovery from experimentally produced demyelination in 
vivo and in situ (Bunge et al. 1961, Aparicio et al. 1968), in remyelination 
the newly forming myelin sheaths often consist of only 2-3 layers. The 
tendency of the oligodendrocyte processes to "spiral" round the neuraI 
elements is manifested in an excessive, grotesque form during their 
pathologically intense growth in the oligodendrogliomas (Robertson and 
Vogel 1962). Thus, in the mature central nervous system oligodendrocytes 
retain their ability to form myelin; this is a complex and still incomple- 
tely elucidated process that has a number of aspects (Schjeide et aI, 
1968). 

ACh increases the motor activity of glial cells pulsating movements 
and movements round the neuron and along the axon (Geiger 1963), the 
mwement of a glial cell may be evoked by electric stimulation: at the 
parameters of the stimulus at which depolarization of its membrane 
is evoked (as a result of a "dielectric breakdown" - Wardlell 1966) it nlay 
contract (Hild and Tasaki 1962). It may be assumed that depolarization 
of the oligodendrocyte membrane serves as a signal for myelin formation. 

4. The appearance of a clearly defined ability to form conditioned 
reflexes in the ascending series of verbrates coincides with the differen- 
tiation of neuroglia and, especjally, with the appearance of oligodendrc- 
glia. This conclusion may be drawn from comparing the few electron 
microscopic data on the phylogeny of neuroglia with the data on tbe 
phylogeny of higher nervous activity. 

No true conditioned reflexes are elaborated in lampreys, in which 
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only the so-called "summational" reflexes can be formed (Sergeyev 
1967). A capacity to form conditioned reflexes is clearly manifest in bony 
fish (Beritashvili 1968, Salzinger et al. 1968), while the formation of 
higher forms of associations appears in reptiles and fully develops in 
mammals (Sergeyev 1967). 

In lampreys neuroglia do not differentiate into astroglia and oligoden- 
droglia and there are no myelinated fibres in the central nervous system 
(Eertolini 1964). In addition to ependymal glia sharks have an astroglia 
which performs two functions - those of a hematoencephalic barrier and 
of myelination; they are the first vertebrates to have myelinated fibres 
(Bakay and Lee 1966). In bony fish there is a differentiation into astroglia 
and oligodendroglia, but there are few oligodendrocytes and few of these 
are associated with myelin sheaths. The brain of reptiles contains a large 
number of oligodendrocytes and i t  is often possible to trace their connec- 
tion with the myelin sheaths of axons (Kruger and Maxwell 1967). 

The answer to the interesting question of why, despite the consider- 
able similarity in the structure of the brain of lampr,eys and fish (Polya- 
kov 1964) and the similarity in the electric reactions of different parts 
of the brain to peripheral stimulation in these animals (Karamyan 1963), 
there are substantial differences in the character of the formation of 
conditioned connections (Sergeyev 1967) can apparently be given if we 
consider the sharp difference between these animals in the sense of the 
neuroglial composition of the brain and, hence, the absence in one case, 
and th'e presence in the other case, of myelinated fibres in the central 
nervous system. 

5. I t  is now believed that the electric properties of the presynaptic 
terminals may differ from those of the parent fibre, the reasons for it 
probably being the chemoceptors covering part of their surface, special 
properties of the membrane, etc. (Eccles 1964, Shapovalov 1966). In the 
neuromuscular apparatus of the crayfish excitation does not actively 
spread in the presynaptic terminals (Dude1 1963). In the long terminals 
of the motor axon in the neuromuscular junctions of the frog excitation 
actively spreads a t  the rate of about 0.3 mlsec (Braun and Schmidt 1966, 
Katz and Miledi 1968), it is not clear, however, whether this applies to 
the region of the last 5-10 ym. An active spread of excitation to the 
presynaptic terminals is not obligatory for all types of synaptic junctions 
(Katz and Miledi 1968), different types of chemically operating synapses 
are apparently subject to different variations in the sense of the effecti- 
veness with which the presynaptic impulse penetrates the terminal. In 
the cases of blocked excitation, at  any distance from the synaptic junc- 
tion, the transmitter must be released by means of an electrotonically 
spreading action potential. In experiments with blocking the excitation 
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with tetrodotoxin it was shown that electric pulses applied to the nerve 
fibre evoke transmitter release if the terminal is electrotonically depola- 
rized and there are Ca++ ions in the external medium; the amount of 
mediator released depends on the strength and duration of the pulse 
electrotonically reaching the terminal, i.e. depends on the number of 
coulombs in the pulse (Katz aind Miledi 1967). Thus the amount of trans- 
mitter released into the synaptic cleft is greater, other things being 
equal, the more electricity passes through the membrane of the terminal. 

Most of the synapses in the cerebral cortex are formed by nonmyeli- 
nated presynaptic terminals (Eccles 1964). With the aid of an electron 
microscope they can be traced to a distance of 4-5 pm before they 
synapse; in the cortex there are also quite a few presynaptic fibres in 
which the myelin ends near the synaptic bouton - at  a distance of 
0.5-2-0 ym (Gray 1959, Khattab 1968). 

The length constant (A) for the electrotonic spread of the action po- 
tential along a terminal 1.5 ?m in diameter is 250 ym (Katz and Miledi 
1968), for presynaptic terminals 0.1 ym and less in diameter - their dia- 
meter in the cortex (Khattab 1968) - A must be about several pm, i.e. in 
the presynaptic terminals of the cortex the action potential must spread 
electrotonically with a sharp decrement. 

In Tasaki's experiments (1953) the treatment of the myelin sheath 
with saponin resulted in an increased leakage of the action potential 
through the lmyelin sheath and a shanp reduction in the strength of the 
current directed outward through the nearest node of Ranvier. In the 
myelin sheath the layers corresponding to the single membranes of 
Schwann cells are located at a distance of 85 A from each other. The 
resistance of each layer is 500 ohm/cm2. There must be an optimum 
thickness of the myelin sheath which offers the best conditions for the 
spread of local current circuits (Hodgkin 1964). 

Since the amount of transmitter released by a synaptic terminal is 
a function of the amount of electricity passing through its membrane, 
the presence or absence of a myelin sheath round the presynaptic region 
of the terminal must be of enormous importance to the efficiency of 
synaptic transmission in the cerebral cortex. 

6. After a series of impulses the probability of transmitter release at 
the neuromuscular junction remains higher for a period of several mi- 
nutes. This manifests itself in an increased frequency of miniature e.p. 
p.'s. (Brooks 1956) and in the phenomenon of post-tetanic potentiation, 
i.e. in an increased frequency of "spontaneous" release of quanta of the 
transmitter and an increased amount of transmitter released by the 
nervous impulses. The phenomenon of post-tetanic (potentiation clearly 
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manifests itself in the cerebral cortex in experiments with electric 
stimulation of its surface (Roitbak 1955). 

The striking dependence of the postsynaptic potentials of the neuro- 
muscular junction on the concentration of Ca++ ions in the external 
medium led to the assumption that post-tetanic potentiation is connected 
with Ca++ (Katz and Miledi 1965); this assumption has a number of facts 
in its favour (Gage and Hubbard 1966). In the cerebral cortex Ca++ acts 
similarly: a temporary application of Ringer's solution containing an 
increased amount of Cat+ to the surface of the cortex resulted in a con- 
siderable increase in dendritic potentials; these postsynaptic potentials 
returned to their initial amplitude in 200 min or so (Roitbak and Oniani 
1967). 

Depolarization of nerve fibres is the cause of the movement of Caf + 

ions from the membrane into the external and internal medium (Gage 
and Hubbard 1966). In examining the subsequent fate of Ca++ it is 
necessary to take into consideration not only the processes operating on 
the membrane of the terminals after their depolarization - recombina- 
tion of Ca++ with sites of the membrane (Gage and Hubbard 1966), but 
also the following circumstance: the fate of Caf+  in extracellular space 
must depend on the presence in it of macromolecules not yet identified 
and possessing an ability to bind or fix the ions (Adey 1967, John 1967). 

Thus, after depolarization of the presynaptic terminals the physico- 
chemical state of their membranes and the composition of the inter- 
cellular medium surrounding them remain altered; this alteration "chem- 
ical trace") disappears gradually, in the course of a few minutes. 

The proposed hypothesis consists in the following. Under the action 
of "indifferent" stimulation the excitation reaches, along the pre-existing 
neural pathways, the "potential" synapses on the neurons in the focus of 
unconditioned stimulation. Owing to the anatomic relations established 
during the ontogenesis namely the multiplicity of appropriate afferent 
fibres extending to the given neuron neuroglial module of the cortex, 
the effectiveness of the connections with it and, possibly, the character 
of impulsation (prolonged impulses in the thin afferent fibres that are 
excited, for example, by pain stimulation) the unconditioned stimulation 
must, as a rule, evoke, in addition to a spike discharge of the neurons, 
an activation of the neuroglial cells and a prolonged depolarization of 
their membranes, which is a signal to the oligodendrocytes for myelin 
formation that thus becomes possible. The possibility is translated into 
reality if the processes of the oligodendrocyte contact a naked terminal 
which has been depolarized, i.e. during the change in the physieo-chem- 
ical state of its membrane and the composition of the medium in the 
cleft between them. Enclosed in a glial process and then encased in 
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myelin the axon terminal is more effective: a stronger electric current 
electrotonically reaches the synaptic terminal and evokes release of 
a larger number of mediator quanta; the terminal becomes active in the 
sense of evoking excitation (or inhibition) of the postsynaptic element - 
the connection has been formed and can to a certain extent be improved 
by the increased number of layers in the myelin sheath (Fig. 2). 

On the basis of this hypothesis it is possible to answer the question 
of why the elaboration of a conditioned reflex requires certain temporal 
relations between the stimuli. Usually a conditioned reflex is elaborated 
when an "indifferent" stimulation precedes the unconditioned stimula- 
tion, the interval between them may reach 20 min and even more. After 
depolarization of the presynaptic terminals the "chemical trace" persists, 

Fig. 2. Schematic representation of' the main principle of the proposed hypothesis 
of formation of conditioned (temporary) connections. ~ep'resented: presynaptic 
terminal, synaptic terminal with vesicles, synaptic cleft and postsynaptic element; 
oligodendrocyte with process, region occupied by process of excitation spreading 
along terminal; electrotonically spreading action potentials below block of 
excitation in terminal. A, "potential" synapse: presynaptic region of terminal 
not encased in myelin, and decrement of action potential in its electronic spread 
is large, an amount of transmitter insufficient to excite or inhibit the neuron is 
released into the cleft. B, formation of conditioned (temporary) connection: as 
a result of combining in time the excitation of the given presynaptic terminal 
during the action of "indifferent" stimulation with the activation of the oligoden- 
drocyte during the action of unconditioned s t imula t io~ the process of the oligoden- 
drocyte encases the presynaptic region of the terminal in a myelin' sheath; the 
decrement of the action potential during its electronic spread diminishes, a large 
amount of transmitter is released into the cleft, and the postsynaptic neuron is 

effectively excited or inhibited 
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decreasing gradually for m y  minutes; the unconditioned stimulation, 
which serves as a signal for myelin formation, can therefore be effective 
a long time after the moment of application of the "indifferent" stimula- 
tion. A conditioned (avoidance) reflex may also be elaborated at a reverse 
sequence of combinations, for which purpose "indifferent" stimulation 
must be applied immediately after the end af the unconditioned stimulation 
or within 1-3 sec (Beritov 1932). The depolarization of the oligodendro- 
cyte membrane ends comparatively soon after the discontinuance of 
unconditioned stimulation, and in a few seconds it becomes probably 
subthreshold as a signal to myelin formation; usually therefore upon 
application of "indifferent" stimulation after more than 1-3 sec no con- 
ditions are created for myelination, which, as was mentioned above, 
consist in a coincidence in time of sufficiently intensive depolarization 
of the oligodendrocyte with the physico-chemical change in the cleft 
between its processes and the presynaptic terminals of the "potential" 
synapses. 

Since any sufficiently strong peripheral stimulation evokes in the 
corre~pondin~g region of the cortex a considerable reaction of both 
neurons and neuroglia another stimulation may in accordance with the 
aforesaid principle become connected with any peripheral stimulation 
and lead to formation of associative conditioned connections. 

In connection with the proposed hypothesis the following facts assume 
special interest. 

1. In rats raised under conditions of "pressure" of the external envi- 
ronment - trained and solving problems - the cerebral cortex was 
thicker and heavier than in those raised in isolation. Measurements of 
the amount of true and false cholinesterase showed that the cortex had 
grown thicker and heavier through an increase in the mass of neuroglia 
(Diamond et al. 1964). These data satisfy one of the main requirements 
of the hypothesis, namely, that the formation of conditioned connections 
must be accompanied by an increase in the mass of neuroglia because of 
the growth of the spiralling oligodendrocyte processes. 

2. The action of X-rays in a d m  of 700 r on the brain of newborn 
rats destroys only a few nerve cells, but sharply affects myelination; 
moreover, certain changes in the biochemical composition of myelin are 
observed, and the oligodendrocytes are smaller than normal (Schjeide et 
al. 1968). It is well known that after exposure of rats at an early age 
to X-rays, elaboration of conditioned reflexes is considerably delayed or 
becomes impossible (Voyevodina 1967). These data meet one of the basic 
requirements of the hypothesis, namely, that a disturbance in myelina- 
tion must be accompanied by a disturbance in elaboration of conditioned 
reflexes. 
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CONCLUSION 

A new hypothesis of the mechanism of formation of conciitioned 
connections is proposed. It is postulated that depolarization of the oligo- 
dendrocyte membrane is a signal for myelination and this process re- 
quires that a t  the moment of depolxizatian of the oligodendrocyte there 
should be in the intercellular clefts between its processes and the pre- 
synaptic terminals a physico-chemical "trace" of the preceding excitation 
of these terminals. The enclosure in the glial process and the myelin 
encasement of the presynaptic region of the terminal create favourable 
conditions for the electrotonic spread of the action potential, and the 
nervous impulse thus releases more mediator: the synapse in the cere- 
bral cortex changes form a "potential" to an "actual" synapse. 

I am indebted to prof. I. Beritashvili and to prof. J. Konorski for much helpful 
discussion and criticism. 

REFERENCES 

ADEY, W. R. 1967. The organization of cerebral tissue in transaction and storage 
of information (in Russian). In  W. S. Rusinow (ed.), Sovremennye problemy 
elektrofiziologii tsentralnoi nervnoi systemy. Izd. Nauka, Moscow, p. 324--340. 

AGHAJANIAN, G. K. and BLOOM, F. E. 1967. The formation of synaptic junctions 
in developing rat  brain: a quantitative electron microscopic study. Brain 
Res. 6: 716-727. 

ANOKHIN, P. K. 1968. Biologia i nei'rofiziologia uslovnovo refleksa. Izd. Meditsina, 
Moscow. 547 p. 

APARICIO, S., LUMSDEN, C. E, and JENNINGS, M. 1968. Electron microscopy of 
glial reactions observed in CNS cultures. Brain Res. 7: 268-285. 

ARDUINI, A., MANCIA, M. and MECHELSE, K. 1957. Slow potential changes 
elicited in the cerebral cortex by sensory and reticular stimulation. Arch. 
Ital. Biol. 95: 127-138. 

BAKAY, L. and LEE, J. C. 1966. Ultrastructural changes in the edematous central 
nervous system. Arch. Neurol. 14: 644-660. 

BARONDES, S. H. 1965. Relationship of biological regulatory mechanisms to 
learning and memory. Nature 205: 18-21'. 

BERITOV, I. S. 1932. Individualno priobretennaya deyatelnost' tsentralnoi nervnoi 
sistemy. Izd. Gosisdat, Tbilisi. 

BERITASHVILI, I. S. 1968. Pamyat' pozvonochnykh zhivotnykh, ii kharakteristika 
i proiskhozhdenie. Izd. Metsniereba, Tbilisi. 138 p. 

BERTOLINI, B. 1964. Ultrastructure of the spinal cord of the Lamprey. J. Ultrastruct. 
Res. 11: 1-24. 

BRAUN, M. and SCHMIDT, R. F. 1966. Potential changes recorded from the frog 
motor nerve terminal during its activation. Pfl. Arch. Ges. Physiol. 287: 
56-80. 

BROOKS, V. B. 1956. An intracellular study of the action of repetitive nerve volleys 
and of botilinum toxin on miniature end-plate potentials. J. Physiol. 134: 
264-277. 



92 A. I. Roitbak 

BUNGE, M. B., BUNGE, R. P. and PAPPAS, G. D. 1962. Electron microscopic 
demonstration of connections between glia and myelin sheaths in the 
developing mammalian central nervous system. J. Cell. Biol. 12: 448-452. 

BUNGE, M. B., BUNGE, R. P. and RIS, H. 1961. Ultrastructural study of remyelina- 
tion in an  experimental lesion in adult cat spinal cord. J. Biophysic. 
Biochem. Cytol. 10: 67-94. 

BUSER, P. and ROGER, A. 1957. Interpretation du conditionnement sur la base des 
donnees electroencephalographiques. Proc. IV Int. Congr. EEG Neurophysiol. 
Clin. in Brussels, p. 417444.  

CASPERS, H. 1961. Changes in cortical D. C. potentials in the sleep-wakefulness 
cycle. I n  G. E. W. Wolstenholme and M. O'Connor (ed.), The nature of 
sleep. J. and A. Churchill, London, p. 237-259. 

DIAMOND, M. C., KRECH, D. and ROSENZWEIG, M. R. 1964. Environmental 
effects on rat  cortex. J. Comp. Neurol. 123: 111-119. 

DUDEL, J. 1963. Presynaptic inhibition of the excitatory nerve terminal in the 
neuromuscular junction of the crayfish. Pfl. Arch. Ges. Physiol. 277: 537-557. 

ECCLES, J. C. 1964. The physiology of synapses. Springer-Verlag, Berlin. 
FESSARD, A. 1960. Le conditionnement consider6 a l'echelle du neurone. I n  The 

Moscow Colloquium on electroencephalography of higher nervous activity. 
Electroencephal. Clin. Neurophysiol. 13: 157-184. 

GAGE, P. W. and HUBBARD, J. I. 1966. An investigation of the posttetanic 
potentiation of end-plate potentials at  a mammalian neuromuscular junction. 
J. Physiol. (London) 184: 353-375. 

GALAMBOS, R. 1961. A glia-neural theory of brain function. Proc. National Acad. 
Sci., USA 47: 129-136. 

GALAMBOS, R. 1965. Introductory discussion of glial function. Progr. Brain Res. 
15: 267-277. 

GEIGER, R. S. 1963. The behaviour of adult mammalian brain cells in culture. 
Int. Rev. Neurobiol. 5: 1-52. 

GOLDRING, S. and O'LEARY, J. L. 1960. Pharmacological dissolution of evoked 
cortical potentials. Fed. Proc. 19: 612-618. 

GRAY, E. G. 1959. Axo-somatic and axo-dendritic synapses of the cerebral cortex: 
an electron microscope study. J. Anat. (London) 93: 420-433. 

GROSSMAN, R. G, and HAMPTON, T. 1968. Depolarization of cortical glial cells 
during electrocortical activity. Brain Res. 11: 316-324. 

GUMNIT, R. J. 1960. D. C. potential changes from auditory cortex of cat. J. Neuro- 
physiol. 23: 667-476. 

HILD, W. and TASAKI, I. 1962. Morphological and physiological properties of 
neurons and glial cells in tissue culture. J. Neurophysiol. 25: 277-304. 

HODGKIN, A. L. 1964. The conduction of the nervous impulse. Univ. Liverpool 
Press, Liverpool. 

JASPER, H. H. 1967. Mechanisms for the selection and preservation of acquired 
stimulus-response patterns (in Russian). In W. S. Rusinow (ed.), Sovremennye 
problemy elektrofiziologii tsentralnoi nervnoi systemy. Izd. Nauka, Moscow, 
79-83. 

JOHN, E. R. 1967. Mechanisms of memory. Acad. Press, New York. 
KARAHASHI, Y. and GOLDRING, S. 1966. Intracellular potentials from "idle" cells 

in cerebral cortex of cat. Electroenceph. Clin. Neurophysiol. 20: 600-407. 
KARAMYAN, A. I. 1963. Concerning formation of the integrative activity in the 

phylogenesis of the vertebrates (in Russian). Gagrskie Besedy 4: 305-322. 



Conditioned reflex mechanism 93 

KATZ, B. and MILEDI, R. 1965. The effect of calcium on acetylcholine re1,ease 
from motor nerve terminals. Proc. Roy. Soc. 161: 496-503. 

KATZ, B. and MILEDI, R. 1967. The release of acetylcholine from nerve endings 
by graded electric pulses. Proc. Roy. Soc. 167: 23-38. 

KATZ, B. and MILEDI, R. 1968. The effect of local blockade of motor nerve 
terminals. J. Physiol. (London) 199: 729-741. 

KELLY, J. S., KRNJEVIC, K. and YIM, S. K. W. 1967. Unresponsive cells in 
cerebral cortex. Brain Res. 6: 767-769. 

KHATTAB, F. I. 1968. Branching of the nodal axon in the cerebral cortex of mice. 
Brain Res. 9: 149-151. 

KONORSKI, J. 1948. Conditioned reflexes and neuron organization. Univ. Cambridge 
Press, Cambridge. 

KRNJEVIC, K. and SCHWARTZ, S. 1967. Some properties of unresponsive cells in 
the cerebral cortex. Exp. Brain Res. 3: 306-319. 

KRUGER, L. and MAXWELL, D. S. 1967. Comparative fine structure of vertebrate 
neuroglia: Teleosts and Reptilia. J. Comp. Neurol. 129: 115-123. 

KUFFLER, S. W. 1968. Studies on the physiology of neuroglial cells. Proc. XXIV 
Int. Physiol. Congr. (Washington) 6: 19-80. . 

KUFFLER, S. W. and NICHOLLS, J. G. 1966. The physiology of neuroglial cells. 
Erg. Physiol. 57: 1-90. 

LICKEY, M. and FOX, S. S. 1966. Localization and habituation of sensory evoked 
D. C. responses in cat cortex. Expl. Neurol. 15: 437-454. 

MAXWELL, D. S. and KRUGER, L. 1965. The fine structure of astrocytes in the 
cerebral cortex and their response to focal injury produced by heavy 
ionizing particles. J. Cell. Biol. 25: 141-157. 

MUGNIANI, E. and WALBERG, F. 1964. Untrastructure of neuroglia. Erg. Anat. 
Entwicklungsges. 37: 193-236. 

PEARLMAN, A. L. 1963. Evoked potentials of rabbit visual cortex: relationship 
between a slow negative potential and excitability cycle. Electroenceph. 
Clin. Neurophysiol. 15: 426434.  

POLYAKOV, G. I. 1964. Problema proiskhozhdenia reflektornykh mekhanismov 
mozga. Izd. Meditsina, Moscow. 

ROBERTSON, D. M. and VOGEL, F. S. 1962. Concentric lamination of glial 
processes in oligodendrogliomas. J. Cell. Biol. 15: 313-334. 

ROITBAK, A. I. 1955. Bioelektricheskie yavlenya v kore bolshikh polusharyi. AN 
GSSR, Tbilisi. 

ROITBAK, A. I. 1963. On the nature of cortical inhibition (in Russian). Zh. Vyssh. 
Nerv. Deyat. 13: 859-869. 

ROITBAK, A. I. 1965. Slow negative potentials of the cortex and neuroglia (in 
Russian). In W. S. Rusinow (ed.), Sovremennye problemy fiziologii i patologii 
nervnoi systemy. Izd. Meditsina, Moscow, p. 6 G 9 3 .  

ROITBAK, A. I. 1968. Recent data and ideas on the functions of the neuroglia 
(in Rusian). In P. K. Anokhin and A. M. Chernukh (ed.), Integrativnaya 
deyatelnost' nervnoi systemy. Izd. Meditsina, Moscow, p. 79-96. 

ROITBAK, A. I. 1969. Further analysis of slow surface-negative potentials of the 
cortex: action of X-rays and analgesics. Acta Biol. Exp. 29: 125-134. 

ROITBAK, A. I. and ONIANI, T. N. 1967. The action of calcium and magnesium 
on dendritic potentials (in Rusian). Fiziol. Zh. SSSR 53: 251,259. 

ROSS, L. L., BORNSTEIN, M. R. and LEHRER, G. M. 1962. Electron microscopic 



A. I. Roitbak 

observations of ra t  and mouse cerebellum in tissue culture. J. Cell Biol. 
14: 19-30. 

ROWLAND, V. 1961. Electrographic responses in sleeping conditioned animals. 
I n  G. E. W. Wolstenholme and  M. O'Connor (ed.), The nature of sleep. 
J. and  A. Churchill, London, p. 284--304. 

ROWLAND, V. and  GOLDSTONE, M. 1963. Appetitively conditioned and  drive- 
related bioelectric baseline shift in cat cortex. Electroenceph. Clin. 
Neurophysiol. 15: 474--485. 

SALZINGER, K., FREIMARK, S. O., FAIRHURST, S. P. and WOLKOFF, F. D. 
1968. Conditioned reinforcement in the goldfish. Science 160: 1471-1472. 

SERGEYEV, B. F. 1967. Evolutsia associativnykh vremennykh sviazei. Izd. Nauka, 
Leningrad. 

SHAPOVALOV, A. I. 1966. Kletochnye mekhanismy synaptycheskoi paredachy. Izd. 
Meditsina, Moscow. 

SCHJEIDE, 0. A., I.-SAN LIN, R. and DE VELLIS, J. 1968. Molecular composition 
of myelin synthesized subsequent to irradiation. Radiation Res. 33: 107-128. 

SHULGINA, G. I. 1967. Investigation of the neuronal activity of the cerebral 
cortex a t  early stages of elaboration of a conditioned reflex (in Rusian). In 
Sovremennye problemy elektrofiziologii tsentralnoi nervnoi systemy. Izd. 
Nauka, Moscow. 

TASAKI, I. 1953. Nervous transmission. Charles C Thomas, Springfield. 
VASILEVSKI, N. N. 1968. Nei'ronalnye mekhanismy kory bolskikh polusharii. Izd. 

Meditsina, Leningrad. 191 p. 
VOYEVODINA, 0. N. 1967. Otdalennye resultaty vozdeystviya luchey rentgena 

na vyschuyu nervnuyu deyatelnost' sobak. Izd. Meditsina, Leningrad. 
WARDELL, W. M. 1966. Electrical and  pharmacological properties of mammalian 

neuroglial cells in tissue-culture. Proc. Roy. Soc. 165: 326-361. 

Received 5 May 1969 


