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Abstract
A plausible origin and function of dynamic chaos in the cerebellar networks along with the role of electrical
synapses between cells of inferior olives (IO) are critically revised. First we demonstrate that behaviour of
cerebellar module model critically depends on microchanges in the system parameters. Second we observe
chaos dynamics in low dimensional system despite it has been hypothesized earlier as a consequence of
multidimensionality of the system.Thatmeans the chaos in inferior olives emerges independently of electrical
connections between IO cells. Third we show that the electrical synapses between IO cells can substantially
reduce unnecessary synchronicity of these cells. Fourth we demonstrate that the results of measurements of
electrical connections between IO cells in presence of activation of GABA receptors can be explained by
electrical scheme with constant values of intercellular resistance. It is proposed that the role of GABAergic
cerebellar nuclear cells is an invertor of inhibitory Purkinje cell output into excitatory action of the Purkinje
cells to the IO cells.
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Introduction

In two previous papers of this series [1, 2], we have demonstrated the emergence of dynamic chaos phenomenae in the
model of the cerebellar module and existence of some basic features of these phenomenae in work of the live cerebellum.
Further we have shown that when different Climbing Fiber Cells (ClFCs) perform extracerebellar function equalization
using the same Granule Cells inputs, they have very low level of cross-correlation. Along with that we have demonstrated
that chaotic behaviour of the cerebellar modules is immanent to the structure of the cerebellar loop of each single ClFC -
Purkinje cells (PCs) - cerebellar nuclear cells (NuCs) - back to the ClFC and does not need the electrical synapses between
climbing fiber cells. It is present in single ClFC cerebellar module.
So the existing arguments on the role of electrical connections between ClFCs for dynamical chaos [3, 4] should be a
subject for further analysis. In connection with this fact, we tried to find out what electrical connections between the ClFCs
can be used for in the cerebellar modules.
In the current article we come to the hypothesis that electrical connections can reduce the synchronization between ClFCs.
In computational experiments below we further explore the emergence of chaotic behaviour in the cerebellar module and
demonstrate the principal possibility of the proposed ClFC desynchronization mechanism.
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Fig. 1 Small perturbations of ClFC threshold influence the ClFC output impulse sequences. In the model of periodic signal equalization[1] the
equalization process was completed at 3000s since the start of the simulation. The moment of perturbation is denoted by arrow. The perturbation
values were 0.01 (extreme right), 0.05, 0.1, 0.3, 1.0, 5.0. They were added to the base value of the threshold (Th = 400 000.0, in arbitrary units)

Dynamic chaos in ClFC cerebellar modules

In [1, 2] we have demonstrated emergence of chaos in a separate single ClFC cerebellar loop module. We have not yet
performed detailed analysis of mathematical mechanisms of chaos emergence in our model. Such a detailed model should
be performed in future research. In this work, we restrict ourselves with obtaining evidence that the phenomenae observed
in the system are manifestations of dynamic chaos. To establish beyond the doubts the fact of presence of the chaotic
phenomenae in our computational model and to evaluate its functional role we have performed two sets of computational
experiments which are described in this Section.

Small perturbations of ClFC threshold

To explore which features of the model give rise to chaotic behaviour we tried to estimate how small perturbations in
system parameters affect the behaviour of the cerebellar model which has been extensively explored in[1, 2]. Figure1
presents results of the corresponding computational experiment. Here comparison of interspike intervals generated in the
experiment shown at Fig.3d-f of [2] with the modified version of the same experiment is shown. The modification was
that at definite moment (marked with an arrow above the curve) a small perturbation is made to one of important system
parameters, the threshold of the ClFC. The impulse sequence vector at each time moment consists of 100 numbers of
successive ClFC interspike intervals durations starting with the current interval. The ordinate shows the cosine similarity
between these impulse sequence vectors for the original model and for themodel in which ClFC threshold was given a small
perturbation. Figure1 demonstrates that when the perturbation is of 1e-7 value of the base threshold and more, the system
trajectory dramatically changes as judged by the data on impulse sequence vectors. This data obviously demonstrates the
critical instability of the cerebellar module behaviour on small perturbation of its clue parameters.

Dynamic chaos in the simplest model of the cerebellar-typemodule

Up to this point we considered a cerebellar module with large number of basic elements of the model (granule cells
synapses, n>=300). Here we describe the simplest case of the same type of construction with just two granule cells which
fire alternatively with the period of embedding input signals of the system TS=530ms.
The Tequ for the Mauk equations[1, 2] is considered to be 1000 ms. The external input to the climbing fiber cell was kept
constant. The first GrC was active within the first half of the embedding period (0–265 ms), while the second GrC was
active within the second half (266–530 ms). We start the computational session with random values of synaptic weights
from the GrCs to the PC. As in our previous experiments, the total input to the ClFC becomes practically constant (and
oscillates with a small amplitude) due to synaptic plasticity in our model. The average interspike interval of the ClFC
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Fig. 2 Poincare plots and histograms of interspike intervals. (a,b,c): the first granule cell was active over the period 0–265ms, while the second
GCwas active in 266–530ms. (d,e,f): the first granule cell was active over the period 0–132.5ms, while the second GCwas active in 132.5–530ms

impulses becomes equal to 1 s (i.e. equal to Tequ). Figure2ab shows Poincare plots for the ClFC interspike intervals; they
are taken from the data in the intervals 13250–21200s and 21200–29150s of modeling time respectively. Importantly, to
human observer the difference between Poincare plots of Fig. 2a and Fig. 2b obtained at different times seems insignificant.
Also, it can be seen from Fig.2ab that the pattern of activation of the ClFC is chaotic. Figure2c presents the histogram
of the ClFC interspike intervals. The variation coefficient for this histogram is 0.48, which is close to the values of that
coefficient of the PC complex spikes[5].
Figure2d-f shows the results of the experiment which differs from the previous one only in that the first GrC was active
within the first quarter of the embedding period (0–132.5 ms) and the second GrC was active within the last three quarters
(132.5–530ms). The difference between Poincare plots of Fig. 2d and Fig. 2e obtained at different times is also insignificant.
The variation coefficient for the histogram of Fig. 2f is 0.27. We can see the stability of the chaotic pattern of the ClFC
activity. The patterns of Fig. 2ab and Fig. 2de differ from each other and are chaotic.
So the dynamic chaos emerges in the cerebellar-type model even in the simplest case of two granule cells.

To the role of electrical synapses between the climbing fiber cells

Interactions between ClFCs

Many authors report seemingly random and statistically stationary activity of ClFCs [6–8]. Due to these facts the presence
of strong electrical connections ([9], and many later works) between ClFCs is quite surprising.
Alongwith themostly independent of ClFCfiring there have been found rare but statistically significant almost synchronous
pairwise activations of ClFCs[10]. Here we propose a mechanism which might explain both the mostly independent firing
and the cause of weak synchronization of ClFCs, i.e. rare synchronous events in ClFC firing.
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Fig. 3 Scheme for backward action of impulses of inferior olive cells through Purkinje cells and inhibitory NuCs
Notations: ClFCi(o) and ClFCj(i) are outputs and inputs of ClFC parts; PCij (i,j = 1, 2) are Purkinje cells belonging to corresponding
ClFCs; In the middle there are twelve nuclear cells (NuCs), three for each Purkinje cell; NCIOI are non-cerebellum inferior olive inputs; GJ -
gap junctions, electrical synapses between ClFCs. The relative sizes of the network elements are chosen to visualize the features of the system
and do not correspond to the actual physical dimensions of these elements, other details are in text

We demonstrate that desynchronization might be supported by electrical connections between ClFCs. While synchronous
events are bound to the interaction between ClFCs provided by special type of interaction by the mechanism of signal
propagation in the three-synaptic link: ClFC => PC => NuC => ClFC as described below.
In this section we take into consideration the fact that in cerebellum the each ClFC gives climbing fiber synapses to several
(in average, 10 [11], [12]) PCs. The PCs act on GABAergic NuCs. The NuCs give inhibitory connections back to ClFCs.
NuCs act on those ClFCs which act on the PCs which act on these NuCs,1 see also[13]. The described connections pattern
is illustrated at the Fig. 3. For simplicity, in this case we show two ClFCs each of which controls its own two PCs and
these PCs act on twelve NuCs which act back to the ClFCs. It is convenient to "cut" each ClFC on the output part (at
the left side of the Fig. 3) and the input part (right side of the Fig. 3). At the Fig. 3 some NuCs are connected only to PC
which belong to the same ClFC while there are NuCs which get synapses from PC belonging to both ClFCs. At the Fig. 3
the neural connections for the "mixed" representation of both ClFCs by single NuCs are shown in red. And this "mixed
representations" (more complicated with the larger number than two ClFCs) cause the issues which we discuss below.
The latter mentioned issues are also connected with the pattern of output of PC to the impulses of ClFC. Complex spikes
(with total duration about 10–20 ms) of PCs present reaction of the whole body of PC to one impulse of ClFC. At the PCs
axons the complex spikes yield just one regular shaped impulse generated at the time of onset of the complex spike. These
impulses in the axons of all PCs which are controlled by one ClFC are practically synchronous with the precision of less
than 1 ms.
TheGABAergicNuCs are spontaneously active, they have no excitatory synaptic inputs. Synapses fromPCs exert inhibitory
actions on the activity of NuCs. The synchronous activations of PCs imposed by excitation of ClFC will have strong and
synchronous inhibitory action on all postsynaptic NuCs. That in fact will act postsynaptically on ClFC as the kind of
excitatory postsynaptic potential. This possibility has not yet been identified in the analysis of the cerebellar circuitry.
Our evaluation of the role of electrical synapses between ClFCs in cerebellar information processing is based on three
types of arguments:

1. Possible interactions between ClFCs via shared NuCs.

1 Enrico Mugnaini, personal communication with W.L.D-B. at SFN Annual Meeting, Miami, 1999.

720



Neuroscience and Behavioral Physiology (2023)53:717–728

2. The inevitability of short-term synchronous break of inhibition from NuCs to the targeted ClFC caused by PC complex
spikes caused by that ClFC impulses.

3. Possible existence of asymmetric electrical synapses between ClFCs. The asymmetry might include two factors. First,
the synapses might connect soma of one cell with dendrite of another cell. Second, the electrical asymmetry (direct
current rectification) of synapses might exist so that inhibition might be transferred from soma to dendrite while
excitation transfer is blocked. Each of these three types of arguments is described further in this Section.

Interaction between ClFCs via NuCs

As stated before we suppose that each ClFC gets synapses from all NuCs which get synapses from PCs belonging to this
ClFC. As illustrated at Fig. 3 each ClFC besides the synapses of NuCs which are controlled by the PCs which in turn are
controlled by the same ClFCs might get synapses from the NuCs which are controlled by other ClFCs.
Our approach in next sections is based on the hypothesis that NuCs with contacts with PCs belonging to different ClFCs
are present in cerebellum in significant quantities.

The role of PC complex spikes in ClFC interaction

ClFC impulse causes complex spikes in all PCs which this ClFC controls with its climbing fibers[14, 15]. At the output of
PC the ClFC impulse produces one short latency impulse followed by a pause 10–50 ms in duration. All PCs connected to
one ClFC send inhibitory impulses to NuCs which send inhibitory connections to the ClFC PCs of which act on the NuCs.
The input of PCs to NuCs caused by complex spikes is synchronous in all synapses of all NuCs which provide feedback
of ClFC impulse to the ClFC.
Inhibitory impulses from PC to NuCs cause a short-term stop of activity of NuCs. In turn the pause of activity of NuCs
causes a kind of excitatory postsynaptic potential on all ClFCs which get synapses fromNuCs which receive impulses from
PCs controlled by the ClFC. The excitatory potential has the maximum amplitude on the ClFC which has generated the
original impulse. However, this excitation arrives to that ClFC in the refractory period caused by generation of the impulse
and therefore is ineffective. Along with that, action of the impulse of a given ClFC might generate "excitatory postsynaptic
potential" in other ClFCs and might provoke activation of other ClFCs almost synchronously with the original ClFC. It is
possible that the proposed mechanism is responsible for synchronous activation of different ClFCs which has first been
reported by [10]. Below we describe how this non-necessary excitation might be mostly blocked with electrical synapses
between ClFCs.

Evaluation of the role of electrical synapses between ClFCs

Our hypothesis of the role of asymmetric electrical synapses between ClFCs substantially uses two ideas:

A. In many cases electrical synapses are structurally asymmetric and we use asymmetry of electrical synapses between
dendrites and somas of neurons[16].

B. We hypothesize that post-impulse hyperpolarization might inhibit neurons which have electrically asymmetric elec-
trical connections with the given neuron. In this respect the postimpulse hyperpolarization of ClFCs is of particular
importance. The presence of this type of hyperpolarization has been demonstrated in rat inferior olive neurons (Fig.1C4
in[5]).

The consequences of structural asymmetry between dendrites and soma can be evaluated using electrical scheme of such
contacts at Fig. 4. Here we have the cell compartment of one ClFC (c1) and dendrite and cell compartments of the second
ClFC (c2). The dendrite of c2 is electrically connected with the soma compartment of c1. The diode d in the scheme is
described later.
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Fig. 4 The circuit diagram for two electrical connections between ClFCs. G is responsible for the coupling strength (G=inf means cells are
uncoupled). Index 2 means second cell. Index d means dendrite compartment. Rc, Ec1 - first IO cell soma resistance and EMF. Rc, Ec2 - second
IO cell soma resistance and EMF. Rd2, Ed2 - second IO cell dendrite compartment resistance and EMF. G - coupling strength between 1st and
2nd IO cells. Rdc2 - somatodendritic resistance of the 2nd cell. Capacitance is ignored

The relations between parameters and variables shown at Fig. 4 are described with the following equations given as Uc1

and Ud2:
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In physiological conditions Rc � Rd2, Rdc2, Rg ,
the Rd2, Rdc2, Rg are of the same order of values.
From the Fig. 4 and equations it follows that the change in dendrite potential Ud2 has a small influence on Uc1

If this electrical connection is electrically asymmetric at the site of contact then this scheme shows that there will be only
inhibition from the soma of the just excited ClFC on dendrites of those ClFCs which have dendritic electrical synapses with
the soma of c1. The electrical asymmetry is denoted at the scheme at Fig. 4 as zero inner conductance diode which shows
that synapse in fact conducts only strong inhibitory signals from c1 to the dendrite of c2. In case of electrical asymmetry
there will be no interaction between c1 and c2 of Fig. 4 besides the short periods of postimpulse hyperpolarization of c1
and c2. So this effectively removes undesirable excitation of ClFC which otherwise would be caused by positive feedback
loop from other ClFCs which share common NuCs with the considered ClFC.
Further, synapses from those NuCs which get synapses from PCs of say two different ClFCs should be located on those
dendrites which have electrical connections with somas of the "partner" ClFC. It would be beneficial if these synapses
besides being structurally asymmetric will be electrically asymmetric (i.e. DC rectifying) as well as shown at Fig. 4.
In the next section we illustrate the potential workability of the proposed mechanisms of ClFC desynchronization with
electrical synapses with the help of computational model.

Computational model of ClFCs interaction

We consider a very simplified model of the processes in the cerebellar loop. The model includes 20 ClFCs. Each ClFC
acts on 5 PCs, each PC is randomly connected to five NuCs. Each NuC is then connected back to all ClFCs PCs of
which have synapses on this NuC are acting on all ClFCs, from which they get synapses via the corresponding PCs. In
these computation experiments we follow only the consequences of impulses of the ClFCs in presence and absence of the
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electrical synapses. We looked at the membrane potentials of the ClFCs taking into consideration only consequences of
the complex spikes of the PCs. Based on the data of [5] we take the duration of afterhyperpolarization after ClFC impulse
to be 5ms. “Excitatory postsynaptic potentials” (see above)
The properties of our computational model are following.

1. We ignore the details of regular action of almost all synapses on the ClFCs. Instead, we consider that all ClFCs are
firing randomly and independently from each other with the average interspike interval of 1 s (the mechanism of
generation of ClFC impulses is replaced by random generation in our model). Further we suppose that the membrane
potential of each ClFC is almost constant except for some features described below.

2. We neglect the immediate effect of the ClFC action potential via the electrical synapses on other ClFCs on the following
reasons. First, when the soma acts on the dendrite, the action potential is filtered out by the low-pass capacitance filter
of the dendrite. Second, dendrite influence on the soma is negligible because of high output impedance of dendrites
so most of potential difference falls on dendrite. Third, the postulated rectifying property (shown as diode at Fig. 4)
blocks transfer of positive potential from soma to dendrite.

3. We consider only events which follow excitation of each single ClFC.

As stated earlier, each impulse of ClFC immediately generates synchronous spikes in all the PCs to which it sends its
climbing fibers. The impulses of different PCs belonging to the given ClFC impose synchronous inhibition on all NuCs
to which they send synapses. This inhibition synchronously interrupts inhibitory action of NuCs on ClFCs. As stated
above, the change of NuCs action on ClFC caused by synchronous excitation of PCs acts in fact as a kind of an excitatory
postsynaptic potential from PCs to their ClFC. For the ClFC which has just excited, this excitatory potential will not be
effective (see above). However, for an action from the current ClFC to those ClFCs, with which it shares common NuCs,
the effect might be substantial. It might cause undesirable firing of some of those ClFCs a few milliseconds after the firing
of the current ClFC.
To consider the processes in the system in detail, we performed computational experiments illustrated on Fig. 5. The figure
shows the superposed tracks of the membrane potential of the neurons #7 and #11
In this figure, the action potentials of the neurons are not shown. Instead, only post-impulse hyperpolarizations connected
with action potentials are displayed. On Fig. 5a we switched on and off electrical connections between ClFCs. It could be
seen that the amplitude of positive peaks in ClFC membrane potential caused by NuCs is substantially reduced when the
electrical synapses are switched on.Without electrical connections some of those peaks are high andmight cause erroneous
excitation of ClFCs.
Figure5bc shows at smaller time scale membrane potential tracks of neurons #7 and #11 with presence (Fig. 5b) and
absence (Fig. 5c) of electrical coupling between cells. The timing of events for Fig. 5b and Fig. 5c strictly corresponds to
each other. The simulations with switched on and switched off electrical synapses were performed with exactly the same
sequence of random activations of ClFCs. At Fig. 5c one can see a strong postimpulse hyperpolarization for neuron #7
and one for neuron #11. These hyperpolarizations have large amplitudes and last for five milliseconds after the moment of
ClFC impulse generation. In case of coupling turned on, the hyperpolarisation of neuron 7 reduces the amplitude of action
of this neuron on neuron 1 via NuCs and vice versa, the hyperpolarization after action potential of neuron 11 reduces action
of neuron 7 on neuron 11. The smaller amplitudes 11 on neuron 7 of positive deflections of membrane potentials in the
figures are connected with actions of four other neurons on neurons 7 and 11.
So in this section we have demonstrated that electrical connections between two ClFCs can reduce and potentially abolish
the undesirable excitatory action of ClFCs on each other.

Onmeasurements of electrical coupling between ClFCs with or without activation of NuCs

The well-known hypothesis states that the main effect of action of GABAergic NuCs on ClFCs causes diminishing of
coupling between ClFCs[17, 18].
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Fig. 5 Influence of electrical
coupling on IO cells
membrane potential

One of the main evidence of the action of NuCs excitation on the coupling between ClFCs is based on direct measurement
of electrical coupling between ClFCs in in vitro experiment[19].
In this subsection we try to estimate effects of switching on activity of NuCs on measurements of electrical connections
between ClFCs. Based on the arguments given in above for this estimation we used the model where electrical contacts are
connecting dendrites of one cell with the soma of another cell. For simplicity, we have considered case of two ClFCs where
this electrical connection is mutual and symmetric. Also we considered that the contacts are rectifying, i.e. electrically
asymmetric. In this case the electrical scheme of the communicating ClFCs is presented at Fig. 6. For that scheme we have
calculated the dependence of amplitude of the shifts of potential from the resting value in the ClFC to which we inject
the test current (the master cell) and in the ClFC which is electrically connected to the first ClFC (the slave cell). The
plot is presented at Fig. 6. In other words, we simulate the procedure of measurements of electrical coupling of neurons
as it is presented at Fig.5 of [19]. The scheme contains the identical components of two cells: cell bodies, dendrites and
two contacts between the cells. As stated in section 3.4, we considered that connections are directed from the cell body of
one cell to the dendrite of another cell. We calculate the data for the plots in two conditions: first, GABAergic synapses
are not activated; second, GABAergic synapses are activated. The plot clearly shows that the ratio of shifts of slave cell
potential to master cell potential depends on the presence of GABA. In absolute values for the parameters chosen at Fig. 6
with diodes, the coupling coefficient æGABA+=dUc2/dUc1= 0.049, æGABA−=dUc2/dUc1= 0.096. So the ratio of coupling
coefficients with and without GABA is æGABA−/æGABA+= 1.95. That ratio for the scheme with no diodes is 1.86.
However in calculations we didn’t change connections between cells, i.e. we didn’t change values of the resistors Rg12

and Rg21. In other words, the real experiments of [19] and our calculations show the same results. It should be noted that
in our calculations the coupling resistors (usually considered to characterize the electrical connection strength) have the
same values for both calculated conditions.

724



Neuroscience and Behavioral Physiology (2023)53:717–728

Fig. 6 Left: The circuit diagram for two electrical connections between ClFCs. G is responsible for the coupling strength (G=inf means cells
are uncoupled). Index 2 means second cell. Index d means dendrite compartment. Rc, Ec1 - first IO cell soma resistance and electromotive
force (EMF). Rc, Ec2 - second IO cell soma resistance and EMF. Rd2, Ed2 - second IO cell dendrite compartment resistance and EMF. G -
coupling strength between 1st and 2nd IO cells. Rdc2 - somatodendritic resistance of the 2nd cell. Capacitance is ignored. All resistor face
values were 100M except Rc1=Rc2=20M, Rd1=Rd2=30M in presence of GABA and Rc1=Rc2=20M, Rd1=Rd2=100M in absence of GABA.
Ec1=Ec2=-60mV, Ed1=Ed2=-80mV. The diodes are ideal with bias of 0mV. Right: For scheme on the left side of the Figure, dependence of
membrane potential of slave cell c2 on membrane potential of master cell c1 with injection of constant current into the master cell, in presence
(blue) and absence (black) of GABA

Discussion

Sources of chaotic phenomenae in cerebellum

In this paper it is demonstrated that the loop ClFC - PCs - NuCs - ClFC provides chaotic behaviour of ClFC firing and the
chaos in this system does not need interaction between different ClFCs. So the chaotic phenomenae revealed in our work
do not coincide with the chaotic phenomenae explored in [3].
As for the mechanism for the dynamic chaos in our system, its plausible source might be connected with biphasic plasticity
(synaptic depression followed by synaptic potentiation) of the GrCs to PC synapses. It might induce dynamic chaos in
accordance with the scenario of processes in dissipative structures[20]. Thus, the electrical synapses between ClFCs of the
inferior olives are not needed for chaotic behaviour of ClFCs.
The possible functional role of dynamic chaos that can be inferred from our computational modeling is clear for signals
which we used in our modeling. In this case finally the GrC to PC synapses learn to make the total input to the ClFC
constant. The external signal to the ClFC was a fixed function (sine function, in our case). For representation of that
function the homogeneous sampling mechanism of all the phases of the equalized ClFC signal is needed. In principle this
homogeneity can be achieved either by regular sampling at small fixed intervals or by multiple samplings homogeneously
distributed over the period of the signal which is equalized. The first option actually is not available in neural structures
while the homogeneous distribution of sampling points might be achieved either by adding noise to the system or with
the help of chaotic dynamics[21]. The noise option is energetically costing and brings in non-necessary informational
disturbance, so chaotic sampling might be optimal for the system functioning as has been noted beforehand in [3] although
for the different source of chaos in ClFCs.
The results obtained in our work are in fact contradicting the current view [3, 4] on the origin of chaotic phenomenae in
the cerebellum. The chaos which has been revealed might be referred to as cerebellar structural chaos (CSC) as opposed
to multiple inferior olive cells interaction chaos (MIOCIC). The role of chaos in both CSC and MIOCIC is similar. It
serves for sampling of all phases of the recorded signals at the GrCs to PCs synapses. However, it can be argued that CSC
provides much more efficient use of recording informational capacity of each GrC to PC synapse. In principle, it can be
resolved experimentally which of the models better suits the properties of real cerebellum. That can be made by evaluation
of the amount of information capacity needed to perform concrete functions of the cerebellum. However this method of
comparison is far from the reach of modern physiological knowledge of cerebellar participation in implementation of
physiological functions. This argument might be used to argue that CSC is more likely to work in live cerebellum because
of the higher amount of informational capacity which it might provide to the cerebellum[22].
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Role of electrical synapses

In Section 3 we have demonstrated that electrical synapses between ClFCs can reduce synchronicity of firing of different
ClFCs. This conclusion seems to contradict the common sense general idea that electrical connections between cells might
cause synchronization of these cells activities. Meanwhile Tokuda et.al.[3] claim desynchronization of ClFCs with the help
of electrical synapses between them by mechanism of multicell dynamic chaos. It should be noted that both Tokuda et.al.
and we are talking about the chaos that ClFC is involved in. However in our case the sources of chaos in all ClFCs are
independent from each other while in the case of Tokuda et.al. the chaos is generated by the interaction of different ClFCs.
The mechanism which we have proposed uses structural asymmetry of electrical synapses. We suppose that most of
electrical connections between ClFCs are formed between soma of one cell and dendrite of another cell. Also we suppose
that there is electrical asymmetry (i.e. such electrical synapses which conduct current only in one direction) so that the
coupling between cells works only in case when when the soma is more negative than dendrite. This hypothesis might be
a subject for experimental verification.
The use of many elementary memorizing devices provides advantages only in those cases when these devices in practice
might be used independently of each other[22]. This general consideration should be true for such elementary memorizing
devices as synapses and in particular for synapses between granule cells and PCs of the cerebellum. The latter constitute
about the half of all synapses in human central nervous system. From this point of view the independent work of individual
ClFCs is beneficial for the whole system functionality. The presence of the experimentally established fact that ClFCs
have electrical synapses at first glance contradicts to independence of ClFCs. Dielectrical connections between neurons are
generally considered as a mean to facilitate positive interaction, synchronization between them. This is definitely true for
symmetric electrical synapses. There is no precise knowledge onwhether electrical synapses between ClFCs are symmetric
or non-symmetric. The non-symmetric connection might be established between soma of one cell and distal dendrite of
another cell.

On electrical measurements of couplings between ClFCs

We have demonstrated that the standard action of inhibitory NuCs on the targeted cells might result in apparent change of
coupling between ClFCs if measured by standard electrical measurements procedure.2

Our calculations did not use change in electrical conductivity of contacts between the cells (Rg12 and Rg21 at Fig. 6). So
the change in measured coupling between the cells might be referred to as apparent and "not real". In other words, it could
be stated that activation of NuCs does not affect coupling between ClFCs.
These conditions should be further explored in large-scale modeling[24] and in physiologically natural experimental
conditions[25] aswell as for cerebellarmodules application to cognitive tasks[26]. In any case, our calculations demonstrate
that the observed phenomenae do not mean that the presence of GABA changes electrical conductance of contacts between
ClFCs. It should be also noted that measurements of electrical coupling are performed for that range of the membrane
potential which does not correspond to the range of membrane potential variations which provides input signal integration
in ClFCs.
Thus, it is natural to consider that the action of NuCs is a standard action of inhibitory cells on their target objects, and is
not unique to cerebellar nuclear to inferior olives special type of interaction as it has been proposed in [17, 18].
It should be noted that in [1, 2, 27] and in the current paper we use the model in which PCs directly act on the ClFCs.
Of course in reality this action is mediated by NuCs. However as the NuCs apparently get excitatory drive autonomous
for each cell[28], this feature of the model might not be a meaningful distortion of a functional role of PC on the ClFCs.
Further, this looks plausible as in our model action of PCs on ClFCs is excitatory and in reality action of PCs on ClFCs
implemented with the help of NuCs results in excitatory action.

Complex spikes action

Complex spikes present reaction of the PC to the incoming impulses from ClFCs. They yield initial spike of a complex
form in the axon of PC usually followed by a silence of up to 50 ms in duration [6]. The action of this output pattern is

2 Measurements of electrical couplings between cells of different tissues in many details are described in [23]
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different on (1) the cerebellar nuclei output glutamatergic cells and on (2) GABAergic NuCs in the olivocerebellar loop.
As to the former, the PCs belonging to the same climbing fiber give synapses to different glutamatergic cerebellar NuCs
[29]. Obviously each output NuC gets input from PCs which are controlled by different ClFCs[29]. A complex spike from
PC to concrete NuC caused by input from ClFC and followed by a small pause can not have significant impact as ClFCs
fire generally asynchronous.
The opposite situation happens in the network of olivo-cerebellar loop. Each excitation impulse of ClFC almost simulta-
neously causes complex spikes in all PCs to which it sends climbing fibers. The PCs in turn act on NuCs which act back
on the ClFC which generated the impulse which caused PCs complex spikes.
Importantly, there is a notable intersection between the sets of NuCs which act on different ClFCs. With help of a skeleton
model we have demonstrated that the electrical synapses between ClFCs can abolish synchronous firing of ClFCs which
might be produced due to the fact that different ClFCs can share inputs from NuCs. Our demonstration in fact presents a
hypothesis which should be verified both experimentally and on the large-scale computational model of the cerebellum.
Contrary to our skeleton model the large-scale model should include a functionally meaningful set of ClFCs. The model
should involve description ofmechanisms for impulse generation byClFCs including all the neurons outside the cerebellum
and of the cerebellum circuitry connected to the selected set of ClFCs.

Conclusion

In three papers of this series ([1, 2] and the current paper) we have demonstrated that:

1. It is highly probable that the ClFC impulses are inner signals of the olivo-cerebellar loop and are not the signals of
organism’s behaviour errors.

2. The base function of ClFC is to equalize inferior olive membrane potential which is implemented with the architecture
of the olivo-cerebellar-olivary loop and with known features of the GrCs to PCs synaptic plasticity (other points of
view are given in [30]). The plasticity of granule cells to PCs synapses provides equalization of the total input to the
ClFCs and the activity of ClFCs reflects only discrepancy of the latter from constant values.

3. The olivocerebellar loop with bidirectional plasticity of GrCs to PCs synapses is inherently chaotic independently for
each ClFC module. That property does not need interaction between climbing fiber cells via the electrical synapses as
has been hypothesized earlier[18].

4. The main role of electrical connections between ClFCs is diminishing probability of synchronous firing of ClFCs
thus providing almost maximum possible independence of different ClFCs firing. Our calculations based on electrical
scheme of intercellular connections clearly demonstrate that synapses from GABAergic NuCs to ClFCs do not affect
the conductivity of intercellular contacts between ClFCs thus providing explanation of the results of experiments of
measuring electrical connections between ClFCs with the help of optogenetically-induced release of GABA[19].

Acknowledgements The work is financially supported by State Program of SRISA RAS No.FNEF-2022-0003.

Data Availability The datasets generated during and/or analysed during the current study are not publicly available due to the institutional policy.

Declarations

Conflicts of interest On behalf of all authors, the corresponding author states that there is no conflict of interest.s

REFERENCES

1. Shakirov, V., Altunina, O., Shaposhnikov, D., Podladchikova, L., Dorofeev, V., Dunin-Barkowski, W.L.: Cerebellar plasticity-based equal-
ization of total input to inferior olive cells in time domain: comparison of computational and physiological experimental data. Submitted to
Neuroscience and Behavioral Physiology (2022)

2. Shakirov, V., Dorofeev, V., Dunin-Barkowski, W.L.: Cerebellar plasticity-based equalization of total input to inferior olive cells in time
domain: Properties of the model dynamics. Submitted to Neuroscience and Behavioral Physiology(2022)

727



Neuroscience and Behavioral Physiology (2023)53:717–728

3. T. Tokuda, I., E. Han, C., Aihara, K., Kawato, M., Schweighofer, N.: The role of chaotic resonance in cerebellar learning. Neural Networks
23, 836–842 (2010)

4. KawatoM,OhmaeS,HoangH,SangerT (2021) 50years since theMarr, Ito, andAlbusmodels of the cerebellum.Neuroscience 462:151–174.
https://doi.org/10.1016/j.neuroscience.2020.06.019. InMemoriam:Masao Ito-AVisionaryNeuroscientist with a Passion for the Cerebellum

5. Khosrovani, S.,VanDerGiessen,R.S.,DeZeeuw,C.I., De Jeu,M.T.: In vivomouse inferior olive neurons exhibit heterogeneous subthreshold
oscillations and spiking patterns. Proc Natl Acad Sci U S A 104(40), 15911–15916 (2007)
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