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Abstract

On the slices of sensorimotor and frontal cortex in layer V of guinea pigs the
diversity of neuronal spontaneous activity, the mechanism of its origin and
functional specificity were studied. In both regions, neurons that did not have
spontaneous activity predominated (39% in the sensorimotor cortex and 32%
in the frontal cortex) over neurons with any other firing levels. The iontophoretic
application of the excitatory transmitter, glutamate, caused activation spike
reactions in all registered neurons; moreover, short-term activation reactions
to glutamate had a significantly longer after-discharge in neurons of the
frontal cortex (up to 2500 ms and more) compared to reactions of neurons of
the sensorimotor region. This means that postexcitatory hyperpolarization in
nerve cells of the frontal cortex is less expressed and, therefore, they have a
lower density of K* channels on their membranes. With an increase in the
level of spontaneous activity, K* membrane permeability decreases, which is
confirmed by the appearance of a long activation reaction to acetylcholine
(which blocks K* channels), exactly when spontaneous firing appears in “si-
lent” neurons. Despite the fact that spontaneous activity is formed by gluta-
matergic excitation, its considerable diversity is associated with the structural
and membrane characteristics of neurons, which determine the different de-
grees of EPSPs attenuation on the way of moving along dendrites. Acetylcho-
line regulates this process in different ways, in accordance with different
states of K" membrane permeability. Therefore, the lower content of K*
channels on the membranes of neurons of the frontal cortex does not allow
regulating spontaneous activity in the same range as occurs in neurons of the
sensorimotor region. The presence of a high proportion of spontaneously in-
active neurons in the cortex (higher in the sensorimotor cortex) suggests that
cortical neurons are generally characterized by a high density of K" channels
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and a significant increase in firing response to acetylcholine, while sponta-
neously active neurons cannot control the spontaneous activity in a wide

range.
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1. Introduction

The diversity of cellular composition, even among the same type of neurons, is
an obligatory characteristic of any brain formation [1]-[6] and varies when
comparing homologous structures in the nervous system of different species
animals [7] [8]. The heterogeneity of the cell composition was first detected
among spinal cord motor neurons, which, varying in size of cell bodies, formed
different spike sequences in response to standard excitation [2]. The morpho-
logical characteristics of neurons also differ in different lengths of dendrites and
the degree of their branching [3] [4] [9]. These two parameters - cell body size
and structure of dendritic tree are the morphological properties of neurons that
determine the degree of the EPSPs amplitude attenuation when they move to the
soma [10]. By blocking K* channels on the neuronal membrane, whose different
densities are another source of cell diversity [11], the M-cholinergic reaction
[12] [13] allows the synaptic flow formed in dendrites to transform into a so-
matic spike sequence [14].

In papers of many authors, it can be found that neurons of the same brain
structure differ in parameters that determine the level of spontaneous activity
and the degree of its variability. Thus, a more complex dendritic organization
correlates with a lower frequency of spontaneous activity [9], low K" current
density is observed in neurons with a high level of spontaneous firing [5], and
neurons with high K* permeability are characterized by significant variability in
the frequency of spontaneous activity [15]. High-frequency cortical neurons re-
spond poorly to an increase in the rate of cholinergic reaction (blocking K* per-
meability) with increasing temperature, while in low-level cells under the same
conditions, when the temperature approaches 36°C, there is a sharp increase in
the impulse response to acetylcholine [16]. These data indicate a high variability
of spontaneous firing in low-activity neurons.

Since the formation of spontaneous activity is based on glutamatergic excita-
tion, and its regulation occurs due to a change in the dendritic membrane prop-
erties under the influence of acetylcholine [14], both of these mediators, can
provide the necessary variability in the response of the population as a whole if it
is formed by neurons with heterogeneous functional possibilities to perform

their own contributions.
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Based on these considerations, we conducted a comparative analysis of the
functional peculiarities of neurons in two cortical regions: sensorimotor and
frontal. We recorded the spontaneous activity of neurons of the layer V, the
characteristics of the activation responses of nerve cells to the local application
of glutamate and acetylcholine under stationary conditions and in the course of

changing the spontaneous activity levels.

2. Methods

2.1. Slice Preparation

The experiments were carried out on the slices of the sensorimotor and frontal
cortex of guinea pigs of both sex and 1.5 months old (200 - 250 g). Animals were
treated with observance of recommendation on ethics of work with animals of-
fered by European Communities Council Direction (86/609 EEC) and experi-
mental protocols approved by ethics committees of Institute of Higher Nervous
Activity Russian Academy of Sciences. After quick decapitation of the animals
by the guillotine and subsequent opening of the skull, the surface of the brain
was irrigated with ice-cold aerated Ringer-Krebs solution. Slices of a sensorimo-
tor or frontal cortex 500 um thick were prepared from a longitudinal block on a
VSL vibrotome (World Precision Instruments, USA). One of the slices was placed
in the experimental chamber, the rest stayed in the incubating one. The incuba-
tion conditions in both cells were the same. The incubating medium saturated
with carbogen (95% O, and 5% CO,) consisted of the following components,
(mM): 124 NaCl; 5 KCI; 1.24 KH,PO,; 1.3 MgSO,; 2.4 CaCl,; 26 NaHCO; and 10
glucose (pH 7.4). It represents a composition of artificial serebrospinal fluid [13]
[15]. The flow rate was 1.5 - 3 ml/min. For half an hour after preparation, slices
were incubated at room temperature. Then the temperature of the medium was
gradually increased to 32°C - 34°C and slices were incubated at this temperature
for another 1.5 hours before the start of the experiment. Pre-heating of the in-
cubating medium was carried out using a Ul thermostat (VEB, Germany); for
fine temperature control, a thermostatic device based on a Peltier element (NPO
“Biopribor”, Russia) was used. The temperature in the experimental chamber was
constantly measured by an electronic thermometer (STC “NIKAS”, Russia). A

standard temperature of 32°C - 34°C was maintained throughout the experiment.

2.2. Extracellular Recording and Transmitter lontophoresis

For extracellular registration of the impulse activity of neurons and iontophoretic
injection of glutamate and acetylcholine to their bodies, three-channel glass mi-
croelectrodes with a total tip diameter of 7.4 - 8 pymwere used. The recording
channel was filled with 3 M NaCl solution, the second and third channels con-
tained 1M sodium glutamate (pH 7.5; Sigma Chemical Co., USA) and 2 M ace-
tylcholine chloride (pH 4.0; Sigma Chemical Co., USA). Sometimes one of the
phoretic channels was filled with 3 M NaCl solution to test the current effect of

the applications of mediators.
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2.3. Experimental Procedure

A microelectrode containing recording and phoretic channels was placed at the
level of the layer V of the cortex (1.5 - 1.6 mm from the pial surface) in order to
search for the spike activity of neurons and local applications of mediators: glu-
tamate and acetylcholine. Glutamate was injected by a current of 80 nA (nega-
tive pole inside the electrode) and a duration of exposure of 0.5 - 1.5 s; acetyl-
choline was applied with a current of 70 nA (positive pole inside the electrode)
always for 4.5 s. A holding current of 3 - 5 nA in opposite directions was set in
both the phoretic channels throughout intervals between iontophoretic ejections.
The experimental procedure performed on the slices of sensorimotor and frontal
cortex was the same: after detecting the impulse activity of a neuron, spontane-
ous firing were recorded for 1 - 3 minutes, followed by 2 - 3 applications of glu-
tamate and, as a rule, a single application of acetylcholine with long-lasting pe-
riods of post-ejections registration. In spontaneously inactive neurons, if regis-
tration conditions allowed, the testing procedure was repeated for an hour every

10 minutes in order to detect the possible occurrence of regular spike activity.

2.4. Recording Equipment and Data Analysis

The impulse activity of neurons after amplification (DAM 80, World Precision
Instruments, USA) was introduced into an Intel (R) Core (TM) 2Duo CPU
computer for storage, reproduction, and signal processing. Impulse activity pa-
rameters were analyzed using the Power-Graph computer program, version 3.3,
Russia. The level of spontaneous activity and response parameters to the ionto-
phoretic applications of mediators was determined: latent period; activation af-
tereffect or duration of the reaction; the intensity of the reaction. The frequency
of spontaneous activity of neurons of the sensorimotor and frontal cortex was
determined as the average for the 30 second period preceding the application of
mediators. For the latent period, the interval from the beginning of phoresis to
the development of the effect, which was half the maximum, was taken. The du-
ration of the after-discharge was determined as the interval from the moment of
termination of the phoresis to half weakening of the response (for application of
glutamate) or for a period limited by the spike frequency, which was half of the
maximum (for application of acetylcholine). To estimate the intensity of the
reaction to the application of transmitters, the maximum moving average fre-
quency was calculated from three consecutive 200 ms bins (for glutamate) or 500
ms bins (for acetylcholine) during the response period and compared with the
analogous value calculated in the background. The necessary statistical analysis
of the differences in the calculated parameters was carried out using the homo-

geneity criterion .

3. Results
3.1. Spontaneous Activity and Its Regulation

In two series of experiments conducted on the slices of sensorimotor and frontal
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cortex of guinea pigs, activity of 314 neurons was recorded at layer V level (160
in the sensorimotor cortex and 154 in the frontal cortex). The rate of spontane-
ous activity in different neurons ranged from 0 to 25 imp/s and from 0 to 30
imp/s (correspondingly in the sensorimotor and frontal regions). Distributions
of registered neurons in accordance with the level of spontaneous firing are pre-
sented in Figure 1. The parameter of spontaneous activity is a reliable indicator
of a significant variety of cellular composition both in the sensorimotor and in
the frontal regions of the cortex. In both zones, spontaneously inactive neurons
predominated. The presence of such neurons was identified by the appearance of
spike activity in response to glutamate applications by short current pulses. Of
160 neurons of the sensorimotor cortex, 63 (39%) were inactive; of 154 cells of
the frontal region - 50 (32%). Despite the absence of significant differences in
the distributions of neurons according to the level of spontaneous activity in
both cortical regions, there is a slight displacement of frontal cortex neurons to-
wards high-frequency activity: there are fewer spontaneously inactive neurons in
the frontal cortex, neurons with a maximum spike frequency are also recorded
there, and the proportion of high-frequency nerve cells (higher than 8 pulses/s)
is 27% compared with 19% in the sensorimotor cortex (Figure 1).

Spontaneous activity is not only different in different neurons, it is the most
variable parameter among the electrophysiological properties of nerve cells. The
predominance of spontaneously inactive neurons in slices allows to trace the
cause of such variability. In Figure 2, I on the example of a spontaneously inac-

tive neuron of the frontal cortex, it is shown what is the initial reactions that
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Figure 1. Distribution of neurons of the sensorimotor and frontal cortex according to the
frequency of spontaneous activity. The abscissa shows the frequency of spontaneous ac-
tivity (imp/s); The ordinate axis is the percentage of neurons that have a given level of
spontaneous firing. At the top right is the number of registered neurons in the sensori-
motor and frontal cortex.
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Figure 2. The formation of spontaneous activity in two spontaneously inactive neurons. I:
neuron of the frontal cortex; II: neuron of the sensorimotor cortex. (A): reaction of neu-
rons to the iontophoretic application of acetylcholine: phoretic current 70 nA (positive
pole inside the electrode); (B): reactions of neurons to the iontophoretic application of
glutamate: phoretic current 80 nA (negative pole inside the electrode); 1, 2, 3: three con-
secutive presentations of transmitters every 10 minutes. In each sample, glutamate testing
was always performed before presentation of acetylcholine. The duration of the phoretic
current of mediators is indicated by a bar under each recording.

arouse the appearance of spontaneous firing. The iontophoretic application of
glutamate and acetylcholine to the neuron every 10 minutes allows to see that
the appearance of spontaneous activity is preceded by the appearance of a long
activation reaction to the application of acetylcholine (Figure 2(A), I, 2), which
was not observed 10 minutes before (Figure 2(A), I, 1). After another 10 mi-
nutes, in addition to the enhanced reaction to acetylcholine, regular spontaneous
activity is recorded (Figure 2(A), I, 3). At the same time, whatever the level of
spontaneous activity exists, the activation reaction to glutamate is reproduced
stably in all three cases (Figure 2(B), I, 1 - 3). But in the course of spontaneous
activity development the response to the iontophoretic application of glutamate
acquires an increasingly long postexciting after-discharge, which is twice of its
initial duration at the absence of spontaneous activity (Figure 2(B), I, 1 and 3).
This means that: 1) the response to glutamate is stable and cannot be considered
as a regulator of spontaneous activity; 2) the regulator of spontaneous activity is
associated with the state of K* permeability, which is identified by the prolonga-
tion of the activation aftereffect; 3) spontaneous activity and reaction to acetyl-
choline blocking K* channels on the membrane are one and the same very varia-
ble process.

During long observation of spontaneously inactive neurons of the frontal cor-
tex, in the overwhelming majority of cases (8 out of 10), a transition to a stable
level of firing was detected. Silent neurons of the sensorimotor cortex, registered
under the same conditions, as a rule remained inactive for a long time. Of the 17

inactive neurons of the sensorimotor cortex, spontaneous firing appeared only
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in 5 ones. Figure 2 II shows a neuron of the sensorimotor cortex, spontaneous
activity of which did not occur during a 30-minute observation, but the reaction
to acetylcholine gradually developed (Figure 2(A), II, 1 - 3). The response to
glutamate remained unchanged, but the activation after-discharge increased
(Figure 2(B), II, 1 - 3) similar to it occurred in the neuron of the frontal cortex

during the formation of spontaneous activity (Figure 2(B), II, 1 - 3).

3.2. Features of Responses to Glutamate Application in Neurons of
the Sensorimotor and Frontal Cortex

All the neurons tested in the layer V of both cortical regions responded to glu-
tamate application by firing increase regardless of the level of their spontaneous
activity. The response to glutamate applied to the soma from a channel coupled
with the recording electrode was characterized by rapid development and short
duration, with an activation after-discharge not exceeding 2500 ms (Figure
3(A)). Figure 3(B) shows the statistical parameters of activation reactions to
glutamate in neurons of the sensorimotor and frontal cortex. The distributions
in Figure 3(B), I show that neurons of the frontal cortex respond to glutamate
with a significantly shorter latency than neurons of the sensorimotor cortex (y* =
12.53; a = 0.006).

The same frontal neurons in reactions to glutamate achieve more powerful
intensity. Most of the neurons of the frontal cortex (60%) increased firing above
the background level by 4 - 6 imp/200ms (Ze., by 20 - 30 imp/s). The neurons of
the sensorimotor cortex to the glutamate application in most cases (68%) formed
weaker responses (2 - 4 pulses/200ms; Ze., 10 - 20 pulses/s), as shown in the dis-
tributions on Figure 3(B), III (y* = 42.17; a < 0.00001). Maximum response val-
ue to glutamate remained constant for the neuronal groups with different level
of spontaneous activity (0 - 0; 0 - 4; 4 - 8 imp/s): 10 - 20 imp/s above the back-
ground activity for the neurons of sensorimotor cortex and 20 - 30 imp/s for the
neurons of frontal cortex, as it was obtained for all neurons tested by glutamate
(Figure 3(B), III). Only in the neuronal group with high-frequency spontaneous
activity (above 8 imp/s) the response intensity to glutamate in both cortical
zones was characterized by a lower frequency. The range of firing response to
glutamate application was from 1 to 11 imp/200ms (5 - 55 imp/s) above the
background and was the same for the sensorimotor and frontal cortex (Figure
3(B), I1I). Consequently, the reactions to glutamate estimated by latency periods
and firing intensity do not depend on spontaneous activity and are determined
mainly by the input characteristics of the cell somata - the points of glutamate
application. The input parameters of different neurons are different, but not va-
rying when testing the same neuron in different conditions (Figure 2).

The most important difference between the sensorimotor and frontal cortical
neurons in terms of the parameters of impulse responses to glutamate was the
post-activation after-discharg. In Figure 3(B), II it is clearly seen that in 40% of
neurons of the sensorimotor cortex, there is no activation aftereffect in res-

ponses to glutamate, and the most long-lasting after-discharges (up to 2500 ms
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Figure 3. Comparative effect of glutamate application to neurons of the sensorimotor and
frontal cortex. (A): examples of responses of a sensorimotor and a frontal cortical neu-
rons to microiontophoretic application of glutamate: phoretic current, 80 nA (negative
pole inside the electrode). The duration of the phoretic current is indicated by a bar un-
der each recording; (B): parameters of exciting responses to glutamate in neurons of the
sensorimotor and frontal cortex: I: the distributions of neurons according to the latent
periods of responses to glutamate, II: distributions of neurons according to the duration
of activation after-discharge. III: distribution of neurons according to the intensity of the
spike response above the background level (imp/200ms). The top right shows the number
of tested neurons in the sensorimotor and frontal cortex.

or more) were found in responses of neurons in the frontal cortex (y* = 86.80; a
< 0.00001). The difference in this parameter indicates a weak expression of
postexcitatory hyperpolarization in neurons of the frontal cortex compared to

the sensorimotor one.

3.3. Features of Responses to the Application of Acetylcholine in
Neurons of the Sensorimotor and Frontal Cortex

The responses of cortical neurons to the acetylcholine applications to their cell
bodies were significantly different from the effects of glutamate, despite the fact
that both transmitters cause an increase in impulse activity. Reactions to acetyl-
choline differed from glutamatergic excitation primarily in the dynamics of ac-

tivation. An increase in the impulse frequency arose, as a rule, already after the
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cessation of the application of acetylcholine and required up to 10 seconds for
development in both cortical regions. The duration of activation caused by ace-
tylcholine was very long (Figure 2(A), I, 2 - 3; Figure 4(B)), which extended for
several tens of seconds (with tendency for frontal neurons to respond more
longer than 30 s). This type of response to acetylcholine coincides with
M-cholinergic excitation [17] [24].

The action of acetylcholine often did not lead to an increase in spike activity
(Figure 2(A), I, 1 and 1II, 1; Figure 4(A), I, a and II, a). Of the 268 neurons
tested in both cortical regions, 117 did not respond to acetylcholine, mainly

I - sensorimotor cortex
N=141

imp/s

Response to acetylcholine

50 o
is i
i i
0 0 20
s 15 s
I 10 —] 10
s 1 2 5 — 2 s —] Spontaneous
o = o o

o s = above 8 activity, imp/s
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@) (®) © " @

1I - frontal cortex N=118

Response to acetylcholine
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above 8§ activity
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(a) (®) © (d)

Acetylcholine s !
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Figure 4. Comparative effect of the application of acetylcholine to the neurons of the
sensorimotor and frontal cortex depending on the level of spontaneous activity. (A): Dia-
grams representing the reactions of all neurons of the sensorimotor cortex (n = 141): I
and the frontal cortex (n = 118): II, grouped by the level of spontaneous activity ((a), (b),
(c), (d)), on the iontophoretic application of acetylcholine. The upper part of each dia-
gram ((a), (b), (¢c), (d)) shows the increment of spike in responses to acetylcholine over
the corresponding level of spontaneous activity. The level of spontaneous activity is indi-
cated by point 1 on the abscissa axis for each diagram (imp/s). The spike increments
caused by acetylcholine (ordinate axis, imp/s) are shown above point 2 on the abscissa
axis. The lower part of each diagram ((a), (b), (c), (d)) shows the number of neurons that
do not respond to acetylcholine for each level of spontaneous activity (points 1 and 2 on
the abscissa axis); (B): Maximum spike reactions to application of acetylcholine in spon-
taneously inactive neurons of the sensorimotor (1) and frontal (2) cortex. The duration of
the acetylcholine phoretic current is indicated by a bar under each recording.
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among spontaneously inactive cells, of which 85% were in the sensorimotor cor-
tex and 78.4% in the frontal cortex. Spontaneously active neurons in the most
cases reacted to acetylcholine. Their responses in each spontaneous firing range
(0 - 4; 4 - 8; above 8 imp/s), as well as the reactions of spontaneously inactive
neurons, were evenly distributed from the lowest increments above the back-
ground level (up to 1 imp/s) to the maximum possible. The maximum incre-
ment of impulse in response to acetylcholine was the largest among sponta-
neously inactive neurons and achieved 44.0 imp/s for cells of the sensorimotor
cortex, and 25.3 imp/s for the frontal cortex (Figure 4(A), Ia and Ila; Figure
4(B); Table 1). With an increase in the initial frequency of background activity
in nerve cells, a decrease in the maximum response to acetylcholine was ob-
served: for the range 0 - 4 imp/s - 20 and 21 imp/s (correspondingly for neurons
of the sensorimotor and frontal cortex), for higher frequency ranges this indica-
tor dropped to 16.3 imp/s (Figure 4(A), I ((b)-(d)) and Figure 4(A), II ((b)-(d));
Table 1).

Thus, neurons that have different levels of spontaneous activity are grouped
according to the degree of increase of those functional properties that determine
their responses to acetylcholine. In this sense, spontaneously inactive cells represent
a very heterogeneous group, while neurons that are active in the background,
although they show a diversity in responses to acetylcholine, demonstrate a much
narrower and almost the same range in the sensorimotor and frontal cortex
(Figure 4(A)).

4. Discussion
4.1. Features of Glutamatergic and Cholinergic Activation

The difference in the activation spike reactions that occur in neurons by local
exposure to glutamate and acetylcholine was noticed as far back as the middle of
the last century. Almost all tested neurons were sensitive to glutamate [17] [18].
Their responses to the iontophoretic application of the transmitter had very
short latent periods (from several ms to 1 s), a very short exciting after-effect of
about 1 s and were accompanied by a decrease in membrane resistance [19]; the
resulting depolarization had a reversal potential of 0, —20 mV [17]. The spike
response to glutamate was highly stable: it remained constant when the trans-
mitter was applied to the soma for many tens of presentations [20], did not

change with decreasing temperature [21], under the influence of anesthesia [17]

Table 1. Maximum increments of firing responses to microiontophoretic applications of
acetylcholine among neurons of sensorimotor and frontal cortex in different spontaneous
frequency range.

Spontaneous activity range (imp/s) 0-0 0-4 4-8  above8
Maximum increment in sensorimotor cortex (imp/s) 44.0 20.0 17.3 18.6
Maximum increment in frontal cortex (imp/s) 25.3 21.0 17.4 16.3

The maximum increment was found among 141 sensorimotor cortical neurons and 118 frontal cortical

neurons.
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[22] and metabolic inhibitors [23]. These data indicate that the ionic mechanism
of glutamatergic depolarization is associated with an increase in Na* and K*
permeability [17] [19], and the only obstacle in the way of an activation spike
response to glutamate is an impairment of the nonequilibrium distribution of
these ions on both sides of the membrane.

The described mechanisms of glutamate action completely coincide with the
effect of its application obtained in this study. All the neurons of the sensorimo-
tor and frontal cortex, as in other areas of the brain, formed a rapid increase in
spike activity in response to its iontophoretic application (Figure 2(B); Figure
3(A)). At the same time, analysis of the spike response parameters to glutamate
revealed differences between the neurons of different cortical regions. The res-
ponses of nerve cells of the frontal cortex were of shorter latency and more po-
werful (Figure 3(B), I and Figure 3(B), III). A more significant activation af-
ter-discharge, registered to glutamate application in neurons of the frontal cor-
tex (Figure 3(B), II) can serve as an explanation for these differences. A pro-
longed aftereffect is a consequence of the less pronounced post-excitatory hyper-
polarization. This effect, which occurrence is associated with the development of
the output K* current, can be weakened on the all over the entire structure only
due to the lower density of K* channels on the neurons of the frontal cortex. In
this connection, the membrane resistance rises, and then it contributes to the
development of a faster and more powerful depolarization in response to gluta-
mate applied to neuronal somata of the frontal cortex.

The difference in the density of K" channels on the membranes of neurons of
the frontal and sensorimotor cortex is directly related to the responses to acetyl-
choline, since through interaction with M-cholinergic receptors, acetylcholine
blocks the K* channels of cell membranes, increases membrane resistance and
forms additional spike discharges after any depolarizing somatic effect [12] [13].

Blocking of K* channels was found by the reversal potential of cholinergic ex-
citation, which was about —100 mV, and by the increase in membrane resistance
[12] [13] [17]. The spike response to the iontophoretic application of acetylcho-
line had a long latent period (from 1 - 2 to 20 - 30 s) and always outlasted the
application by some tens of seconds [24]. Besides, acetylcholine during its ion-
tophoretic injection often did not cause a spike reaction at all, and the effect it-
self turned out to be very variable, dependent on temperature, anesthesia and
was blocked by an attenuation of energy metabolism [16] [17] [22] [23]. Thus,
according to the formation mechanism (Figure 2) and physiological properties,
the long-term reaction to acetylcholine was different from the rapid depolariza-
tion caused by glutamate.

Although many authors considered the rise in membrane resistance as a rea-
son for a possible increase in the amplitude of depolarization that may occur si-
multaneously with the action of acetylcholine, and the decrease in post-excitatory
hyperpolarization as a prolongating factor, the short duration and weak expres-
sion of these effects could not explain what is the mechanism of a long spike

reaction to acetylcholine. One could pay attention to the fact that the action of
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acetylcholine led to an increase in the frequency and amplitude of miniature
EPSPs, which formed a stationary synaptic flow in the soma [13]. But the origin
of this stream remained unclear. It was further discovered that the effect of ace-
tylcholine does not depend on the point (somatic or dendritic) of its application
to the membrane of the neuron [25], and immediately after cholinergic expo-
sure, the short-term application of glutamate to dendritic loci causes more short
latent and more powerful spike reactions in the soma, than before exposure to
acetylcholine [25]. Therefore, acetylcholine, closing K* channels on almost the
entire membrane surface, increases the efficiency of dendrosomatic conductance
in accordance with the W. Rall cable theory [10]. This mechanism of acetylcho-
line action at relatively small (about 10%) [26] growth of membrane resistance
leads to a very significant enhancement of amplitude characteristics of dendritic
synaptic stream which is formed by numerous glutamatergic contacts on the
dendrites. And if passing on the way of dendritic membrane EPSP amplitude
can be reduced by tens of times [27], it allows acetylcholine to raise it tens times
higher (Figure 4(B)). The different density of K* channels on the membrane of
different neurons and in different structures (Figure 3(B), II) introduces addi-
tional diversity into the process of dendritic propagation regulated by acetylcho-

line.

4.2. Heterogeneity of Neuronal Properties and Its Significance

Structural and functional differences of neurons even within the same brain
structure allow to consider the variability of neuronal properties as one of the
basic principles of the nervous system construction [28]. A gradual change in the
functional characteristics of pyramidal neurons in any hippocampal field is asso-
ciated with genetic diversity and the different directions of the established neu-
ronal connections [28]. Cell layers in the primary visual cortex consist of neu-
rons with different types of dendritic trees, different levels of spontaneous activ-
ity and different peculiarities in responses to the light stimulation [29]. Within
the layer V of the sensorimotor cortex, various changes in the spontaneous ac-
tivity of various neurons were detected in thermobiological experiments during
unidirectional changes of the medium temperature [16].

In the distributions shown in Figure 1 for neurons of the layer V of the senso-
rimotor and frontal cortex, it is clearly seen that cells with a various spontaneous
activity do not distribute uniformly and neurons without background firing do-
minate among nerve cells. This means that there are exactly those neurons that
have a genetically determined advantage over the others. Judging by the fact that
spontaneously inactive neurons during the iontophoretic application of acetyl-
choline create the most powerful spike response sequences (Figure 4(A), Ia, Ila;
Table 1), we can assume that this property is the most available for the forma-
tion of adaptive function. Warm-blooded animals are characterized by the addi-
tional incorporation of K* channels into the neuronal membranes [11], mean-
while the rate of the M-cholinergic reaction significantly increases above 36°C

[16]. As a result, a large number of spontaneously inactive neurons are formed
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(because of high density of K™ channels) and prerequisites are created for regula-
tion in a wide range of dendritic synaptic flow (both because of high density of
K* channels and high rate of cholinergic reaction). At the same time, the lower
density of K* channels on the membranes of the frontal neurons, tested by the
long activation aftereffect in responses to glutamate (Figure 3(A) and Figure
3(B), II), explains the lower representation of spontaneously inactive neurons in
the frontal cortex (Figure 1), their light transfer to the firing state (Figure 2, I)
and a smaller value of the maximum spike increment in response to acetylcho-
line application(Figure 4(B); Table 1).

Particular attention should be paid to the fact that in spontaneously inactive
neurons, acetylcholine rarely causes spike responses, despite the significant in-
crease in spike reactions in some cases (Figure 4(A), Ia and IIa) In the sensori-
motor cortex among spontaneously inactive neurons 85% did not respond to
iontophoretic application of acetylcholine, in the frontal cortex 78% of sponta-
neously inactive neurons also did not respond to acetylcholine. In all likelihood,
the fact of the absence of reactions to acetylcholine in most “silent” neurons is
associated with the temperature of the incubating medium at which experiments
were conducted (32°C - 34°C) and a very high density of K" channels on the
membranes of neurons that did not respond to acetylcholine. Only the temper-
ature-dependent increase in the rate of the cholinergic reaction that occurs at t =
36°C [16] can reduce the number of neurons that do not respond to acetylcho-
line at 32°C - 34°C by 60%. [16]. In Figure 5, taking into account the presented
data and those obtained earlier [16], for a population of spontaneously inactive
neurons of the sensorimotor cortex a hypothetical transition of responses to
acetylcholine demonstrated with temperature lifting from 32°C - 34°C to 35°C -
37°C. The number of neurons that did not respond to acetylcholine at 32°C -
34°C becomes 34°C less at 35°C - 37°C and the contribution of each neuron re-
sponded to acetylcholine increases with temperature lifting. Therefore, the func-
tional properties of spontaneously inactive neurons of the sensorimotor cortex
are significantly different from each other, which creates great opportunities for
wide regulating spike activity, especially in the regime of warm-blooded.

In contrast to this group of neurons, the spontaneously active cells in response
to acetylcholine not only express less maximum spike increments (Figure 4(A),
I, b-d), but also exerted little changes with increasing temperature [16].

Similar differences between inactive and active neurons in reactions to ace-
tylcholine were also observed in cells of the frontal cortex, but their spike res-
ponses were regulated in a smaller range (Figure 4(A), II and B, 2). Apparently,
this circumstance is associated with features of functional control, which is car-
ried out by cells of the studied cortical zones. And if the axons of neurons of the
V layer of the motor cortex descend to the motor nuclei of the medulla oblonga-
ta, providing the late phase of the preparatory stage and the motor command
[30], the frontal cortex regulates oculomotor activity, monitors visceral functions

and emotional states [31] [32].
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Figure 5. Hypothetical change in spike responses to application of acetylcholine with in-
creasing temperature in spontaneously inactive neurons of the sensorimotor cortex. (A):
Diagrams representing the reactions of spontaneously inactive neurons of the sensori-
motor cortex (n = 69) to application of acetylcholine at t = 32°C - 34°C (1) and at t =
35°C - 37°C (2): 1: the diagram completely corresponds to that shown in Figure 4, A, I, a;
2: changes in diagram 1 associated with an increase in temperature according to previous
work [16]. Notation as in Figure 4; (B): Changes in the reaction to application of acetyl-
choline in a spontaneously inactive neuron of the sensorimotor cortex with an increase in
temperature from 33.0°C (1) to 35.1°C. Notation as in Figure 4.

The effect of acetylcholine on the stationary synaptic flow in dendrites, pro-
vided that in each neuron the parameters involved in its formation are different,
makes it possible to create a variety of impulse sequences in any specific brain
structure responsible for the specific brain function. The greater the heterogene-
ity of the parameters affecting the effectiveness of dendrosomatic propagation,
the higher the variety of possibilities of any area of the brain and the nervous

system as a whole.

5. Conclusion

The cellular composition of any brain structure is heterogeneous in functional
properties, which determine the level of spontaneous activity of neurons. The di-
versity by this feature determines for each neuron a certain spike response under
the influence of acetylcholine, forms a large number of different spike sequences

and, therefore, encodes a set of potential possibilities of the structure as a whole.
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