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Abstract: Objective To investigate the spike activities of cerebellar cortical cells in a computational network model con-
structed based on the anatomical structure of cerebellar cortex. Methods and Results The multicompartment model of
neuron and NEURON software were used to study the external influences on cerebellar cortical cells. Various potential
spike patterns in these cells were obtained. By analyzing the impacts of different incoming stimuli on the potential spike
of Purkinje cell, temporal focusing caused by the granule cell-golgi cell feedback inhibitory loop to Purkinje cell and spa-
tial focusing caused by the parallel fiber-basket/stellate cell local inhibitory loop to Purkinje cell were discussed. Finally,
the motor learning process of rabbit eye blink conditioned reflex was demonstrated in this model. The simulation results
showed that when the afferent from climbing fiber existed, rabbit adaptation to eye blinking gradually became stable under
the Spike Timing-Dependent Plasticity (STDP) learning rule. Conclusion The constructed cerebellar cortex network is
a reliable and feasible model. The model simulation results confirmed the output signal stability of cerebellar cortex after

STDP learning and the network can execute the function of spatial and temporal focusing.

Keywords: computational network model; cerebellar cortex; temporal focusing; spatial focusing; Spike Timing-Dependent

Plasticity; eye blink conditioned reflex
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aptic function is the neural basis for cerebellar motor learn-
ing. It is widely proposed that the climbing fibers signal
errors in motor performance, either in the usual manner of
discharge frequency modulation or as a single announce-
ment of an “unexpected event””.

Golgi cells are inhibitory interneurons located within
the granule cell layer. They usually receive excitatory in-
put from parallel fibers, and then inhibit granule cells. This

simple feedback inhibition can remove the excitatory affer-
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ent from granule cells/parallel fibers to Purkinje cells and
restrict further excitement of Purkinje cells, which plays a
role in the formation of temporal focusing'.

Basket cells and stellate cells, the molecular layer in-
hibitory interneurons, can also receive excitatory afferents
from parallel fibers. Their axons unfold to both sides of the
parallel fibers and form inhibitory synaptic connections
with Purkinje cells of the 2 sides. Consequently, when a
row of Purkinje cells are excited by a bunch of parallel
fiber forming an excitement area parallel to the leaf, the
peripheral suppression function aroused by basket cells
and stellate cells would induce space confinement of the
excitatory response of Purkinje cells caused by the mossy
fiber afferents, process of which is known as the spatial fo-
cusing effect. The spatial and temporal focusing in cer-
ebellar cortex caused by interneurons would have great
significance on the coordination of muscle movement
in space and time'®.

The cerebellar cortex has long been described as the
best anatomically and physiologically understood circuit
in the mammalian central nervous system. It has been
widely studied in many facets, such as its structure and
function'”"", the motor learning and long-term potential
(LTP)/long-term depression (LTD) phenomena on cerebel-

lar cortex!'*"!

, and the oscillation and synchrony phenom-
ena in cerebellum"*"”. Since most models employed in
previous studies were only parts of the structure or small
circuits in cerebellar cortex, it is necessary to construct a
whole cerebellar cortex network model, which contains
all the small circuits and reflects some typical properties
of cerebellar cortex. The present study aimed to estab-
lish this network model based on the anatomy of cerebellar
cortex, by adding the synaptic connections into the compart-
ment models of Purkinje cells, granule cells, basket cells, stel-

late cells and golgi cells in cerebellar cortex.
2 Materials and methods

The constructed cerebellar cortex network model con-
tained totally 90 cells, including 5 Purkinje cells, 50 gran-
ule cells, 10 basket cells, 10 stellate cells, 5 golgi cells, 5

mossy fibers and 5 climbing fibers. As shown in Fig. 1,

each mossy fiber was connected with 10 granule cells, cor-
responding to the high-frequency stimulation input. Each
granule cell could form 2 parallel fibers, and thus 50 gran-
ule cells could form a total of 100 parallel fibers in the net-
work. For the glogi cells, each cell could receive excitatory
afferent from 20 parallel fibers, and every 10 granule cells
would receive feedback inhibition from one golgi cell.
For the Purkinje cells, each cell had 100 dendrite spines,
through which the cell receives excitatory afferent from
parallel fibers, while each parallel fiber could only form a
single synaptic connection with one Purkinje cell. For the
stellate cells and basket cells, each could receive excitatory
input from 10 parallel fibers, and every 2 stellate cells and
2 basket cells would inhibit one Purkinje cell. Besides,
connection was not made between cells of the same kind,
such as granule cell to granule cell, because this kind of
connection has little influence on the whole network activi-
ties in the cerebellar cortex model.

The network connection among the cells and fibers in
cerebellar cortex were as follows: mossy fibers and climb-
ing fibers received an external stimulus and then excited
granule cells and Purkinje cells, respectively. Granule
cells excited golgi cells’ dendrites through parallel fibers,
and then golgi cells gave a feedback inhibitory signal to
granule cells through the axon-dendrite synapse. Besides,
parallel fibers excited the top of Purkinje dendritic spines
and basket/stellate cells’ dendrites, while axons of basket/
stellate cells in turn inhibited Purkinje cell’s soma and den-
drites. These neurons and synaptic connections constituted
the entire cerebellar cortex network here. The hierarchy of
neuronal structure in cerebellar cortex network was simple
and clear, with each cell’s structure being in order. Based
on the anatomy of the cerebellar cortex'™", the specific ion
channels in Purkinje cells, golgi cells and granule cells™"*”,
and the detailed synaptic connections between cerebel-
lar cortical cells®!, the cerebellar cortex network model
was constructed. This model was very close to the natural
structure of the cerebellar cortex. The circuit of cerebellar
cortex could be modulated and the excitatory afferent into
cells could be controlled (Fig. 1).

In the theoretical analysis of network model, a single
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Fig. 1 An illustration of the cerebellar cortex network model, which was comprised of 90 cells, including 5 Purkinje cells, 50 granule cells, 10 basket

cells, 10 stellate cells, 5 golgi cells, S mossy fibers and 5 climbing fibers. Red arrows indicated excitatory input, while blue arrows indicated in-

hibitory input.

cell is described by Conductance-based models and mor-
phology of each cell is characterized by the compartment
model, such as one Purkinje cell having 3 parts including
soma, smooth dendrite and spiny dendrite. According to
the different morphological characteristics, here different
compartment numbers were used to describe the different
parts of neuron. For granule cells, golgi cells, stellate cells
and basket cells, the same method was used as Purkinje
cells. The basic theory of electrical signal transmission
within cells was Rall’s cable model and its discrete for-
mat was neuronal compartment model. The description
of a compartment was just like that of a membrane struc-
ture, additional to different ion channels. The connection
between different compartments in a single cell was a
discrete format of Rall’s cable model. Taking all these
features together, the potential activities of different cells
could be obtained. According to the previous reports”*>*,
the ion channels in different cell’s compartments were dif-

ferent, and the specific parameters and neuronal equations

were described as follows:

C dV :Ii0n+](t)+]

{ dr
%=(xw—x)/rx

In the equations, C represented cell membrane capaci-

+
compartment syn

()

tance and x =x (V) represented the open status of different
ion channels. /(¢) represented the strength of an external
. and [
ment currents and synaptic currents (syn=GABA, AMPA

stimulus, and 7,

compartmen

. represented the compart-

and NMDA), respectively. Strength of alterating cur-
rent (AC) stimulation was indicated as B+Acos(wt). The

compartment interchange currents were calculated as the
VVi  Vu-V,

i+l
Ri+l Ri—l

represented the connection strength between the 2 adjoin

fOllOWil’lg:]companmentz N where Ri

compartments.
Chemical synapses were used to describe the connec-
tions between cells. If cell B was excited by cell A, the

NMDA- and AMPA-type excitatory synaptic currents were
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added on the receiving end of cell B. On the other hand, if
cell A was inhibited by cell B, the GABA-type inhibitory
synaptic currents were added on the receiving end of cell
A. The specific connection strength was characterized by
the strength of their excitation or inhibition (Table 1). The
3 kinds of expression of synaptic connection used in this
model were adopted from a previous report™", as listed in
the following:

(1) GABA synaptic currents: Ixpa= Egapa*[exp(~t /
7,) — exp(—t / 7,)](V=Egapa), Where 7, and 7, represented
the rising and falling time of synapse, respectively, and
E 54 indicated the reversal potential. £, represented the
maximal inhibitory synaptic strength.

(2) AMPA synaptic currents: /yypa= &anvpa X€Xp(—t / T)
(V=E \wpa), Where 7 represented the delay time constant of
synapse, and E,,;, Was the reversal potential. &,,,p, Was
the maximal excitatory synaptic strength.

(3) NMDA synaptic currents: Iyypr= Exupa*[Mg”’]
(Ron+Roff)(V=Exwpa)>» Where Eyypa Was the reversal po-
tential, and &yyp, Was the maximal excitatory synaptic
strength. [Mg*'] = 1/[1+exp(—0.0627)/3.57], representing
Mg™ concentration. Ron’ = —Ron/2.6, Roff > = —0.035Roff,
representing the state variables of channels, respectively.

Some specific parameters in the above equations were

Table 1. Synaptic connection strength between cells and fibers (mS/cm’)

as follows: 7, =1 ms, 7, = 200 ms, Egspa = —80 mV,
E ipa=0mV, Egypsa= 0 mV.

For Purkinje cell, the specific parameters and expres-
sion of each ionic current could be found in a previous
report”™. For golgi cell, the specific parameters and expres-
sion of each ionic current could also be found in published

1221 For stellate/basket cell, mossy fiber and climb-

reports
ing fiber, Na” and K* were used in the Hodgkin-Huxley
equations. The specific parameters and expression had
been published””. For granule cell, the specific parameters
and expression had been reported by Migliore M et al.”".
The cerebellar cortex network model was constructed
by NEURON software'””, and data processing was con-
ducted using ORGIN and MATLAB softwares. The simu-

lation results were repeatedly verified.
3 Simulation results

3.1 The corresponding responses of Purkinje cell to
different afferent fibers The whole cerebellar cortex
network model contained 2 kinds of inputs: mossy fiber
afferents and climbing fiber afferents. As shown in Fig. 2,
different kinds of stimulations caused different firing pat-
terns of Purkinje cell in cerebellar cortex. Purkinje cells pro-

duced a high-frequency phenomenon and a low-frequency

Cell and fibers Purkinje cell Granule cell Golgi cell Basket cell Stellate cell Mossy fiber Climbing fiber
Purkinje cell - - - - - - -
Granule cell NMDA:0.0007 - NMDA:0.0021 NMDA:0.0105 NMDA:0.0105 - -
AMPA:0.0002 AMPA:0.0006 AMPA:0.003 AMPA:0.003
Golgi cell - GABA:0.00013 - - - - -
Basket cell GABA:0.00001 - - - - - -
Stellate cell GABA:0.00005 - - - - - -
Mossy fiber - NMDA:0.00175 - - - - -
AMPA:0.0005
Climbing fiber NMDA:0.007 - - - - - -
AMPA:0.002

Note: The values were synaptic connection strength between cells and fibers. The strength was chosen to be proper values to get the whole activities of cerebellar

cortical cells. The synapse connection direction was from cells or fibers in the column to cells or fibers in the row. NMDA denoted the synaptic conductance in

NMDA synaptic expression, and AMPA denoted the synaptic conductance in AMPA synaptic expression. GABA denoted the synaptic conductance in GABA syn-

aptic expression.
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Fig. 2 Action potential maps of afferent fibers and Purkinje cell. A: mossy fiber; B. climbing fiber; C. Purkinje cell when only the mossy fiber was stimu-
lated; D. Purkinje cell when only the climbing fiber was stimulated. The strength of stimulation to mossy fiber was [0.07+0.03xcos(0.02t)] nA,
while the stimulation to climbing fiber was [0.07+0.06xsin(0.02t)] nA. Duration: 1 000 ms. Different kinds of stimulations could cause different fir-

ing patterns of Purkinje cell in cerebellar cortex.

phenomenon in response to 2 different afferent fibers, which
was consistent with the finding that mossy fibers are the pri-
mary afferent system and they can induce a higher firing rate
of Purkinje cell, while climbing fibers can cause Purkinje
cell to display a relatively lower firing rate™’.

3.2 Action potential maps of cerebellar cortical cells
Mossy fibers and climbing fibers were simultaneously
stimulated, and the action potential maps of the 5 kinds of
cells in cerebellar cortex network were recorded. As shown
in Fig. 3, the spike patterns of cerebellar cortical cells were
diverse. For a given stimulus, different kinds of cells pro-
duced different responses and firing patterns. The spike pat-
terns of Purkinje cell were not only dense but also complex,
resulting in the disorder of action potential. All these spiking
patterns demonstrated the sensitivity of cerebellar cortical
network to external stimulation.

3.3 Temporal focusing effect The temporal focusing ef-
fect is a phenomenon caused by the feedback inhibition
from golgi cells to granule cells, and this kind of inhibition
can restrict the further excitement of Purkinje cells. Fig. 4
showed the Purkinje cell action potential maps caused by
the feedback inhibition from golgi cells to granule cells,
with feedback inhibition strength being 13 (Fig. 4A), 38

(Fig. 4B), or 73 uS/cm’ (Fig. 4C).

As shown in Fig. 4D, with the increase in inhibition

strength of golgi cells to granule cells, the mean firing rate
of Purkinje cell showed a clear tendency of decrease. This
was due to the existence of such a feedback inhibition loop
of golgi cells and granule cells, which could induce the ac-
tivation of Purkinje cells to be confined in temporal. This
could also explain the temporal focusing effect in cerebel-
lar cortical network.
3.4 Spatial focusing effect The spatial focusing effect is
a phenomenon caused by the existence of inhibition loop
from basket/stellate cells to Purkinje cells. By this effect,
excitatory responses of Purkinje cells caused by the affer-
ent impulses from mossy fibers through granule cells to
parallel fibers are confined in spatial.

Fig. 5A showed the constructed morphological dia-
gram of Purkinje cell, which was simplified from the
original diagram published previously"®. Purkinje cells
with different inhibited regions were shown in Fig. 5SB-E,
in which yellow color represented the inhibitory region of
Purkinje cell dendrites, and black color represented the ex-
citatory region of Purkinje cell dendrites.

As shown in Fig. 5F, with the increase in the percent-
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Fig. 3 Action potential maps of different cells. A: Purkinje cell; B: granule cell; C: golgi cell; D: basket cell; E: stellate cell. The strength of stimulation to
mossy fiber was [0.07+0.03%co0s(0.02t)] nA, while the stimulation to climbing fiber was [0.07+0.06xsin(0.02t)] nA. Duration: 1 000 ms.

age of inhibited region, the mean firing rate of Purkinje
cells decreased, indicating that the local inhibitory effect
on Purkinje cell dendrites caused by stellate cells and bas-
ket cells could effectively regulate Purkinje cell’s response.
That is to say, the excitatory afferent to Purkinje cell was
limited in space, which could also explain the spatial fo-
cusing effect in cerebellar cortical network.
3.5 Model reflection of rabbit eye blink conditioned
reflex To realize the process of rabbit eye blink condi-
tioned reflex in the present network model, here a diagram
modeling this process was constructed, and Spike Timing-
Dependent Plasticity (STDP) learning rule was added on
the synapse of parallel fibers to Purkinje cells”"** (Fig. 6).
In Fig. 6, the ring tone represented the stimulation to

mossy fibers (unconditioned stimulus), and air blow rep-

resented the stimulation to climbing fibers (conditioned
stimulus). Firstly, the afferent of climbing fibers was fixed,
and then the parallel fiber-to-Purkinje cell synapses took
a learning process under STDP learning rule. When the
learning times reached a certain number, the response of
Purkinje cell would be stable and the STDP learning pro-
cess of rabbit eye blink conditioned reflex was completed.
Next, climbing fibers were removed, and the response
of Purkinje cells was little changed, which indicated that
the rabbit could still make eye blinking movements when
hearing the ring tone.

There were 2 kinds of excitatory synaptic connections
between parallel fibers and Purkinje cells in the present
model, including AMPA-type synapse and NMDA-type

synapse. The maximal synaptic conductances (g) of the
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Fig. 4 The Purkinje cell action potential maps caused by the feedback inhibition from golgi cells to granule cells, with feedback inhibition strength of 13

(A), 38 (B) or 73 pS/cm’ (C). D: The relationship between inhibition strength from golgi cells to granule cells and the mean firing rate of Purkinje
cells. The strength of stimulation to mossy fiber was [0.07+0.03%co0s(0.02t)] nA, while the stimulation to climbing fiber was [0.07+0.06%sin(0.02t)]

nA. Duration: 1 000 ms.

AMPA-type and NMDA-type synapses were indicated as
Zarma and guuvna, respectively.

To determine the maximal synaptic conductance (g)
of the simulated STDP synapse, the STDP learning rule
was used. This was accurate if the time between presented
spike pairs was longer compared to the time between
spikes in the pair. To avoid runaway behavior, the additive
rule was applied to an intermediate &,,, that was then fil-
tered through a sigmoid function. In particular, the change
of Ag,,,, in synaptic strength is given by:

A+¥e_m’_my”, Jor At> 1,
Ag.. = {AMB @0 o At< T, Q)

Graw_i+1 — Sraw_i + A(graw s 1 = 03 15 A (3)

where At =t — t,., indicating the difference in postsynap-

tic and presynaptic spike times. The parameters 7, and 7_ de-
termined the width of the learning windows for potentiation
and depression respectively. The amplitudes 4, and A_ de-
termined the magnitude of synaptic change per spike pair.
The shift 1, reflected the finite time of information transport
through the synapse. &, was an intermediate variable,
which connected the relationship between & and &,,,,. The

parameters were as follows: 4, = 8 ms, 7, = 80 ms, 4 =

20 ms, T-= 120 rns, TOZ 06 ms, gmid:gslope: gé“ax = 5

The initial value of &, was 0.31 ms. The raw synaptic

strength was then filtered according to the following equa-

_ & max & max ~ & mi
tion: 5~ 7 (tanh ( & Siope “—)+ 1) We could get

&y.. =8+ A&, where N denotes the times of learning.

From the expression of A&, and &, it could be seen
that in the condition of Az > r,, the change of AS,,,, was pos-

itive, while in the condition of Af < 7, the change of AZ,,,
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Fig. 5 A: A morphological diagram of Purkinje cell in the present cerebellar cortex network model. B-E: Purkinje cells with different inhibited regions.

Yellow color represented the inhibitory region of Purkinje cell dendrites, and black color represented the excitatory region of Purkinje cell den-

drites. F: The relationship between the percentage of inhibited region of dendrites to the total area and the corresponding mean firing rate of

Purkinje cells. The strength of stimulation to mossy fiber was [0.07+0.03%co0s(0.02t)] nA, while the strength of stimulation to climbing fiber was

[0.07+0.06xsin(0.02t)] nA. Duration: 1 000 ms.

was negative. If Af continued increasing in the condition
of At > r,, A& would continue increasing, and LTP would
be generated. Conversely, if A¢ continued decreasing when
At < 1,, A would continue decreasing, and LTD would be
generated.

Based on the above STDP learning rule, and with the
aid of NEURON and MATLAB softwares, conclusion was
drawn from our simulation that when the times of learn-
ing reached 7, the spike map of Purkinje cell was stable
(Ag was 0.004 2 uS/cm2). In order to describe the rabbit
eye blink conditioned reflex phenomenon in detail, some
indices including Interspike Period (IP), Quiescent Period
(QP), Active Phase (AP) and Interburst Period (IB) were
introduced to analyze the variation of Purkinje cell poten-

tial spike characters (Fig. 7).

Bursting is a dynamic state when a neuron repeatedly
fires discrete groups or bursts of spikes. Such a burst is fol-
lowed by a period of quiescence before the next burst oc-
curs. Neuronal bursting plays important roles in the com-
munication between neurons. Here 4 indexes were used to
analyze the variation of Purkinje cell potential spike pat-
tern in the process of eye blinking learning. As shown in
Fig. 3A, Purkinje cell’s spike pattern was in a disorder, so
it was difficult to count the index IB. However, the width
of each burst and the spike number in one burst could be
obtained, and thus the index of IB was replaced by Mean
Spike Numbers per Burst (MSN/B). Table 2 showed the
results of rabbit eye blinking learning in the present cer-
ebellar cortex network model.

In Table 2, 8,represented the initial value of synaptic
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Fig. 6 The learning diagram of rabbit eye blink conditioned reflex. The specific process was as follows: when the bell rang, an air blow was made to rab-

bit’s eyes on the right, and the rabbit’s eyes would blink. Such process was repeated for several times. After repeated pairing of a ring tone with

air blow, the tone would acquire the ability to elicit a blink on its own, which illustrated that the learning process of rabbit eye blink conditioned

reflex was completed.
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Fig. 7 The schema index of neuron spikes can be described by Interspike
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strength between parallel fibers and Purkinje cells, while
&, and &, represented the synaptic strength when learning
process reached a stable state. &, (no CF) was obtained
after removal of stimulation from climbing fiber when
the learning times reached 7. It was shown that the value
of IP was basically stable during learning, but the values
of AP and QP were distinct from those in the case of no
learning. In addition, AP was small while QP was large.
When learning was completed, AP increased signifi-

cantly, while QP decreased significantly, and MSN/B also

changed obviously. The indices corresponding to &, and
&, were very similar, indicating that after synaptic STDP
learning was completed, the index character of Purkinje
cell’s potential spike was stable.

If the stimulation was removed from climbing fiber
at this time, the value of IP was still stable, and the val-

ues of AP and QP were both basically similar between &

Table 2. The index character of Purkinje cell spikes

Synaptic strength Index (ms)

(uS/em®) P QP AP MSN/B
g,=10.3096 309.75 225.388 84.363 54
g,=0.1725 309.7375 204.1875 105.55 30
g,=0.1683 309.7125 204.075 105.6375 28
2,=0.1683 (No CF)  309.9375 204.5375 105.4 21

No CF indicated that stimulation on climbing fiber was removed after learn-
ing times reached 7. IP: Interspike Period. QP: Quiescent Period. AP: Active
Phase. MSN/B: Mean Spike Numbers per Burst.
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and &,. MSN/B value showed a change, but it was only a
little. Thus, the conclusion could be drawn that when the
synaptic STDP learning from parallel fiber to Purkinje cell
reached a stable state, removal of the afferent from climb-

ing fibers could still keep the stability.
4 Discussion

In the present study, we established a cerebellar cori-
cal network model based on the actual cerebellar cortex
structure. With the aid of neuronal compartment model and
NEURON software, the action potential spike patterns of
several main cells in the cerebellar cortex were analyzed
and several theoretical results of cerebellar cortex system
were obtained in this model.

The model results illustrate that Purkinje cell has dif-
ferent responses to the incoming message from different
regions of brain. For the 2 inhibitory loops in the cerebellar
network: the feedback loop of golgi cell and granule cell
and the inhibitory loop of stellate/basket cell and Purkinje
cell, we analyzed their corresponding effects: temporal
focusing and spatial focusing, and found that the network
model of cerebellar cortex is very close to the actual net-
work. Most importantly, this model can reflect some char-
acteristics of the cerebellar cortex structure. As the cer-
ebellar cortex system experiments become more and more
precise, the cell types in cerebellar cortex, the density of
ion channels, the geometric morphology of dendrites and
axons, and the specific locations of synaptic connections
are confirmed. Theoretical descriptions of cerebellar cor-
tex based on the compartment model are very close to the
process of nervous system signal transduction. The model
simulation results displayed the neural signal activities of
neurons in cerebellum cortex.

Eye blink conditioned reflex is a classical condi-
tioned reflex in motor learning. Take the rabbit eye blink
conditioned reflex for example: the rabbit would make a
blinking action in response to an air blow made to its eyes.
However, after repeated pairing of a neutral stimulus, such
as bell tone, with the blink-eliciting stimulus (blow), the
bell tone will acquire the ability to elicit a blink on its own,
the process of which is called eye blink conditioned re-
flex™*!. Thompson™ and Yeo er al.”" have found that the

establishment of conditioned reflex has a close relationship
with Purkinje cells in cerebellar cortex.

The signal of air blow transmits along the trigeminal
nerve to brainstem, and excites the nucleus of facial nerve,
the abducent nucleus, and anterior horn cells of the spinal
cord, causing the action of blinking. The cerebellum is
involved in conditioned reflex of eye blink. The air blow
signal can reach the inferior olive nucleus, and transmits
along the climbing fibers which proceed from inferior
olive nucleus to cerebellar cortex, indicating that the trans-
mission of air blow signals to cerebellar cortex is achieved
via the parallel fibers”'*. The bell tone transmits via an-
teriornucleus and pontine nuclei, and reaches cerebellum
through the mossy fibers, indicating that the transmission
of bell tone to cerebellar cortex is achieved via the mossy
fibers. Conditioned stimulus can activate the synapse
of parallel fibers to Purkinje cell before unconditioned
stimulus reaches cerebellum through climbing fibers, so
the learning phenomenon would occur in parallel fiber-to-
Purkinje cell synapses®"****],

STDP is a temporally asymmetric form of Hebbian
learning induced by tight temporal correlations between
the spikes of pre- and postsynaptic neurons. As with other
forms of synaptic plasticity, it is widely believed that
STDP underlies learning and information storage in the
brain, as well as the development and refinement of neu-
ronal circuits during brain development®’,

With STDP, repeated presynaptic spike arrival a few
milliseconds before postsynaptic action potentials leads
to LTP of many types of synapses, whereas repeated spike
arrival after postsynaptic spikes leads to LTD of the same
synapse. The change of the synapse plotted as a function
of the relative timing of pre- and postsynaptic action po-
tentials is called the STDP function or learning window,
and it varies among synapse types. The rapid change of
the STDP function with the relative timing of spikes sug-
gests the possibility of temporal coding schemes on a mil-
lisecond time scale.

Comparing the present simulation results with the
description of rabbit eye blink conditioned reflex phenom-
enon reported previously”™” ", it can been seen that when

the afferent from climbing fiber exists, the adaptation of
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rabbit to eye blinking would gradually reach a stable state
under STDP learning rule. This indicates that if the afferent
from climbing fiber (air blow) is removed, the only afferent
from mossy fiber (ring) can still produce the phenomenon
of eye blinking, which may further illustrate the feasibility
of the cerebellar cortex network model constructed in the
present study.

Based on the STDP learning rule, stimuli of sound
and air blow, which represent the mossy fibers and the
climbing fibers, respectively, were applied. The learning
adaptability of rabbit eye blink conditioned reflex phenom-
enon was verified in the present network model. It was
found that after repeated pairing of sound stimulus with
the air blow stimulus, the sound stimulus will acquire the
ability to elicit a blink on its own. This further shows the
accuracy of the present cerebellar cortical network model.
The model simulation results confirmed the output signal
stability of cerebellum cortex after STDP learning and that
the network can execute the function of spatial and tempo-
ral focusing.

As the cerebellum cortex has simple network struc-
tures and possess many functions, it has attracted attention
of theorists and modelers for many years. In this paper, we
used models to understand the cerebellum's possible role
in motor learning and control at the functional level. In
fact, the cerebellum can be considered as multiple paired
forward and inverse models"™®. Plasticity of parallel fiber
synapses on interneurons and plasticity of interneuron-to-
Purkinje cell synapses are connected with LTP or LTD"”,
All these basic properties of cerebellum may be further il-

luminated in our neural computational investigations.
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