Chapter 103

Neurodynamics of Up and Down
Transitions Influenced by Ionic Channel
Parameters

Xuying Xu and Rubin Wang

Abstract Up and down transitions are found to be a significant spontaneous brain
activity which was first found in slow wave sleep. We studied on a neural network
model of spontaneous up and down transitions with two types of neurons, namely
excitatory and inhibitory neurons (INs). On the basis of the model, we found ionic
currents play a leading role in up and down transitions and then discussed neuro-
dynamics of these transitions influenced by the ionic channel parameters. Through
the observation and analysis of these results, we are trying to explain the dynamics
of up and down transitions and to reveal the role of these transitions in cortex
activities.
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103.1 Introduction

Spontaneous periodic up and down transitions are considered to be a significant
phenomenon of brain activities. This slow oscillation characterized by large delta
waves predominates the electroencephalogram (EEG). Neural electrophysiology
experiments also show that during slow wave sleep in the primary visual cortex of
anesthetized animals [1-3] and during quiet wakefulness in the somatosensory
cortex of unanesthetized animals [4], the membrane potentials make spontaneous
transitions between two different levels called up and down states [5]. These two
states show the bistability of the membrane potentials.

Why these transitions occur and whether this spontaneous activity engages in
brain functions or not still remains unclear. In fact, we know little about expressions
of neuron membrane potentials and interactions between neural networks,
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especially the relationship between neural coding modes and cognitive behaviors.
In earlier researches, the hyperpolarizations activated inward current has been
implicated in the pacemaking of both single cell and network rhythmicity [6-8].
Other results indicate that the dynamic interplay between the gating and kinetic
properties of I, and Ingp is essential for the generation of rhythmic subthreshold
oscillations by the stellate cells [9].

Our former study on the up and down transitions of a single neuron [10] and a
small network with constant connection [11] had been trying to explain the
dynamic mechanism from ionic channel level. Furthermore, in this paper, we
expanded the model by clarifying the neurons to two types, namely excitatory
neurons (ENs) and inhibitory neurons (INs) and redefining the changing connecting
function between two neurons instead of constant connection, so that the model is
closer to the physiological reality than before. Then, we continued to explore the
reason which influence on the spontaneous periodic up and down transitions and
how they impact on.

103.2 Biophysical Model

In this paper, we modeled the two types of neurons, ENs and INs, with two kinds of
currents, the ionic currents [12] and synaptic currents mediated by AMPA, NMDA,
and GABAA receptors.

For the ENs,
dv;
W (V) — Vi) — (Vib) — (V)
— Iampa (Vi sampai) — Inmpa (Vis sSnvpai) — IgaBas (Vis SGaBAy ) -
(103.1)
For the INs,
i V) = (Vi k) — (Vi b)) — (V)
dr - Nal Vi h\ Vi It K\ Vi, Ui I\Vi (1032)
— Iampa (Vi; sampai) — Invpa (Vi, SNMpai ) -
The ionic currents are:
g = gNamoo(V - VNa)- (1033)
Iy = gnh(V = Vi), (103.4)
dh ho —h
==, (103.5)
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db b —b

— = . 103.7

dr Th ( )

Il = gl(V - Vl) (1038)

v\ —1 v-1,\ —1
where, my = (1 + exp_"_m) , he = (1 + exp ) , T = ﬁlﬁ s
a V-1 1
o= “1‘ij+b}31/a1, B= "Vvtb,j;/aﬁ, by = (1 +exp ) ,Tp = 12 - sech (VA;T})T”).
I-exp M l-exp 6

The synaptic currents are:

IAMPAi = gAMPA(Vi - VAMPA) Z W(j, i)SAMij, (1039)
J
ds
IZII\;IPA = oampa[T](V)(1 = sampa) — BavpaSampa- (103.10)
Inmpai = gnmpafimpa (Vi) (Vi — Vmpa) Z w(j, i) SNMDA]» (103.11)
J
ds
%DA = onmpa[T](V)(1 = sxmpa) = Pxmpasnvpa- (103.12)
IoaBay = 8aaBa, (Vi — Vaara,) Y w(i,i)scaay; (103.13)
J
ds
GcllAtBAA = 0Gasa, [T](V)(1 — s6aBA,) — BoaBa,SGABA, - (103.14)

where, the stationary relationship between the transmitter concentration [T] and
V-Vp

presynaptic voltage is fit to [T] = T/ <(1 + exp_T) ) [13]. The slow part of

_rr
the NMDA synaptic receptor is fumpa = 1/ ( (l +exp ¥ ))[14].

103.3 Simulation Results

In the above model, there were four kinds of ionic currents: an instantaneous,
inward current (sodium current), a slow h-like current, two outward currents (a
potassium current and a leak current). And we wanted to make sure how these
currents influence on the spontaneous up and down transitions. In the ionic level,
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Fig. 103.1 Average membrane potentials of the network under different ionic channel parameters

the ion channel property and condition may be the point. So we tested different
cases of different channels in different conductance conditions in Fig. 103.1.

All the plots in Fig. 103.1 were the average membrane potentials of the network
in various levels of conductances. The left column was the cases in different
potassium conductances, the center column was the cases of potassium conduc-
tance, and the right column was the cases of conductance of h-like channel. If the
potassium channel was in an appropriate range, the average membrane potential
demonstrated spontaneous up and down transitions with bistability. And the bigger
potassium conductance, the fewer transitions, and the shorter duration of the up
state. Furthermore, if the potassium conductance was excessively activated, the
membrane potential always kept in down state. Conversely, when it was insuffi-
ciently activated, membrane potential was in up state. This was cohere with the
results of our previous work [10, 11]. On the other hand, in the situations of sodium
channel and h channel, reversely to the potassium channel, the results presented that
bigger potassium conductance, the more transitions and the longer duration of the
up state.

Furthermore, the results of quantitative analysis were illustrated in Fig. 103.2.
Besides the up state duration of the membrane potential (top row), we also studied
the cycle of the transitions (middle row) and the ratio of up state in the cycle
(bottom row) of three kinds of channels, potassium channel (left column), sodium
channel (center column), and h channel (right column). The main tendency was that
the up state duration increases with the potassium conductance decreasing and the
sodium conductance and conductance of h channel increasing, during appropriate
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Fig. 103.2 Duration of the up state (top), cycle of the up and down transitions (middle) and the
ratio of up state in one cycle (bottom) under different channel level of potassium conductance (lef?),
sodium conductance (center) and conductance of h-like current (right)

ranges in which the membrane potential shows up as down transitions. However,
the cycle of the transitions were not changing so much in most conditions except
the cases in which the membrane potential was near but not approach to the lasting
down states. The up state ratio in the cycles showed the similar tendency with the
situation of up state duration.

In view of ionic channel, the mechanism of up and down transitions can be
briefly described as follows. Depolarization activates the sodium channel letting the
sodium ions move into cells, then the potassium channel was activated slowly
making the potassium ions move out of the cells which leads to the result of
hyperpolarization. And the hyerpolarization then activates the h channel which
allows sodium and potassium ions [15] going through. Base on this point, the ionic
channel interpretation for Figs. 103.1 and 103.2 would be obviously. The bigger
value of potassium conductance makes the faster movement of potassium ions
going out of the cells, leading to shorter up state duration. While, the smaller value
of sodium conductance gives rise to much more sodium ions moving into the cells
which results in longer up state duration. As to the conductance of h channel, the
results were similar with the case of sodium conductance. Therefore, we tended to
believe that the sodium ions largely contribute to the h-like current.
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103.4 Discussion

This paper mainly discussed about the dynamics of up and down transitions on
ionic level, using the network model showing spontaneous transitions. We found
the opening degree of the ionic channels had responsibility for the up and down
transitions, especially the up state duration.

Specially, the more opening degree of potassium channel, the shorter up state
duration. Extremely, the much bigger of potassium conductance led to lasting down
state, and the much smaller one resulted in lasting up state. However, the sodium and
h channels held the opposite results that the more opening of channels, the longer up
state durations. And considering about the extreme cases, the much bigger con-
ductances brought about lasting up state and the much smaller ones gave rise to
lasting down state. And the similarity function of sodium channel and h -channel
indicated that sodium ions largely contribute to the h-like current though it involves
in a mixture of sodium and potassium ions.

According to these results, we are trying to explain the dynamics of up and down
transitions from the view of ionic channel. It is helpful to reveal the role of these
transitions in network behaviors as well as to lay the foundation of knowing neural
dynamic mechanism of cortex activities.
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