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ANALYSIS OF TIME-COURSE OF THE RECOVERY FROM INACTIVATION
OF IONIC CURRENTS IN CEREBELLAR PURKINJE CELL
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Abstract- In this study, time-course of the recovery from the inactivation of ionic
currents which have inactivation in cerebellar Purkinje cell is examined. Kinetics of the
ionic currents are expressed with Hodgkin-Huxley equations. Peak value function of the
recovering conductance is given explicitly, ‘and the curve of recovery and. its
approximation are obtained. It’s shown that recovering conductance of ionic. currents
which are studied is asymptotically exponential.
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1. INTRODUCTION

Purkinje cell is one output neuron of cerebellar cortex[1]. Dendritic tree of rat cerebellar
Purkinje cell receives around 175.000 excitatory inputs from granule cells and 1500
GABA, inputs from local neurones[2]. Spike activity of Purkinje'cell is determined
using interaction between ionic currents and the inputs, The large amount of inputs
indicate complexity of the interaction.

Determining of kinetics of ionic currents and understanding of dynamical behaviour of
them are of great importance. There are several experimental procedures for
determining of kinetics of ionic currents[3]. Reconstruction of recovery process is one
of them and used for estimating the inactivation time-constant{4]. It’s shown that
recovering conductance of voltage-gated ionic channels of Purkinje cell which have
mactlvauon exarmned in this study usmg that procedure 18 asymptotically exponentlal

2 ’I‘HE HODGKIN HUXLEY-TYPE MATHEMATICAL MODEL OF AN
IONIC CURRENT

An ionic current channel is assumed to have gates which are in one of two states(open
or closed) in Hodgkin-Huxley mathematical formalism[5]. It’s assumed that an ionic
channel have a number of physical gates which regulate flow of ionic’ current through
corresponding ionic channel{6]. Conductance of an ionic channel is given by

Gy (n,1) = gxm? (v, )h (v,2) R €

where m and h respectively show fraction of activation and inactivation gates in open
state, gy is maximal conductance of ionic channel, p is the number of activation gates
and g is the number of inactivation gates.
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Transitions between open and closed states are modelled with first order differential
equations as follow:

dm _ o _my (vy—m

=~ Gn WY1—m) = B, (VIm = —Zoi 7,0 (2
dh_ o )k |
o " O B =2 3)

where a(v) and B(v) are voltage-dependent rate functions which determine speed of
transitions from one state to the other within the ion gates, and given by

a+bv

c+ @it _ G

av)=

where a, b, ¢, d, { are constants.

m_(v) and h_(v) are steady-state activation and inactiva_tion respectively; 7,(v) and
7,(v) are voltage-dependent activation and inactivation time constants which are the
times taken to reach a steady-state value respectively; and may be written as

o,
"0 ) + o) ©)
O — ©
m )+ B () |

h.(v) and 7,(v) have similar forms. When the voltage is held constant, solution of
Eqn(2) is given by L . ,, R

m(e) = m,(v) = (m, (v) = mg)e ™' - (7

where my is initial value of m. Similarly, under _th__é_: same condition, solution of Eqn(3) is
given by : ' -

h(t) = b, (v) = (B (V) = By )e ™™ &)

where A, is initial value of A.
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3. INACTIVATED VOLTAGE-GATED IONIC CURRENTS IN PURKINJ E
CELL

A large number of studies are reported in literature on which ionic currents take part in
Purkinje cell and how is their kinetics[7-14]. Fast sodium (NaF), P- type calcium(CaP),

T-type calcium(CaT), A-type potassium(KA), deIayed rectifier(Kdr) ionic currents are
inactivated voltage-gated ionic currents present in cerebellar Purkinje cell[15,16].

Kinetics of the ionic currents used in this study is.based on the model of the cerebellar
Purkinje cell constructed by De Schutter and Bower[16). Constants of the rate functions
are also taken from the model by De Schutter and Bower[16].

3.1 Fast Sodium Current
Conductance of fast sodium current(NaF) is given by
Gvar (V1) = 8 yapt’ (v, DB (3, 1) | ©)

Voltage-dependent rate functions are as follows:

35000 7000 SR .

0y (V) = S G0.005) 000 D B () == (v+0065)l{002) ' - (10)
225 700

@, (v) = [+ 008 K00 ; By = o 0003)/(—0018) S S 02

3.2 P-type Calcium Current
Conductance of P-type calcium current(CaP) is given by
Geap (V1) = gap(¥, DA, 1) | . (12)

Voltage-dependent rate functions are as follows:

8500 35000 . . o

&, (V) = 1 1 ("—0008) K-0.0135) i By )- (u+0074)/(00145) ' (13)
1.5 55 , S

o, (v) = | + (v +0:025) K0.008) By = 17 (v F0023) 0008y (14)
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3.3.-'T-t3:(1;e Ca}cii;m Current |

Conductance of T-type calcium current(CaT) is given by
Gy (Vs1) = 8 e (Vs r.)h(v,t) " '. | B
Vol.ta-geu.dependent rate fun§£iéns.._ﬁré as follllowsl:. |

2600 o 180
&, (V) - 1+e(v+0.021)/(«,0'003) » ﬁm(v) - 1+e(v+0.04) 10004}

2.5 ‘ 190
O‘h.("’)“ {7 SO0 060 B (v) = L+ o +009) K-001)

3.4. A-type Potassium Current

Conductance of A-type potassium current(KA) is given by

Ga (1) = g gamt* (v, 1)h(v,1)
Voltage-dependent rate functions are as follows:

1400 490
& (V) = 13 o7 +0021 (-0012) » B = 1 4 ol +0.03) (0.008)

17.5 1300
o, (v) = 1 + g0 +0-05)/(0.008) ’ ﬁ,,(v) = 14 V001000

3.5. Delayed Rectifier Current

Conductance of delayed rectifier current(Kdr) is given by
Gy (1) = g g’ (V. 1)I(¥,1)
Activation time-constant is given by

7 = 1
" g t+h

- 35)

16

an

(18)

19)

20)

€2y

(22)
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where
— 23500(v + 0.012) o
L = SOOI A0012) _4 (23?
by = 50000147 /0.0 _ . : (24)
Inactivation time-constant is as follows:
(12 ;v < =0.025 Volt _
- s v 0 25)
0.01 s ;v >—0.025Volt

4. RECOVERING PROCEDURE

Detailed experimental procedure of recovering is given by Toth and Crunellif4]. Toth
and Crunelli also derived mathematical equivalent of the experimental procedure, and
gave the peak value function of recovering conductance. But the peak value function of
recovering conductance which they gave is not explicit in terms of C (in their
Eqn(9,10)), and doesn’t include the number of inactivation gates, g. We obtain the peak
value function of recovering conductance in the same manner by Toth and Crunelh[éi]
with the same symbols including the number of inactivation gates, g. - SRR

In the first step, membrane is depolarized for sufficiently long time, so complete
inactivation of the current is pr0v1ded ‘Therefore it can be assumed mip=1, and k=0 at
Vy depolarized potential. Then a voltage step from Vp to V, is applied for variable time
duration (t;) so that complete removal of inactivation is provided, m;.=0 and hj..=1,
This voltage step hyperpolarizes the membrane. In the hyperpolarized condition,
activation and inactivation variables after t1me 11 are obtained respectively from Eqn(7)
and Eqn(8) using values given above:

mltz')'=.e*’i_’""m%‘?’?3 Y )

In the second step,’ membranc is depolanzed to Vg potentzal at t=t;. In the depolanzeci
condition, activation and inactivation variables for t>t; are obtained respectively from
Eqn(?) and Eqn(S) usmg initials values glven in Eqn(26) and Eqn(27)

mz(f tl) 1 (i mi(t ))e“(!—'fl)f’EmO(Vo) ; Lo T e o R (28)

hz(f fl) hl(t )e"(‘ t) Th0 (Vo) - . (-29)'
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Conductance response to depolarization step is obtained substituting Eqn(28) and
Eqn(29) into Eqn(1):

Gy 2 (t1,) = gxm? (58)RE (551,) | (30)

The peak value function of recovering conductance in terms of t; is obtained by
differentiating Eqn(30) according to t as:

{(t)
Gy 2, pea (t1) = C~ it T 31)
(1= my (1)) ™0
where
b
C=f(P.q:ThosTho) =8x| L —— ) ) ) (32)
T (1 + £ 250y %o
.q_ m g T

The details of the derivation of Eqn(31) are given in Appendix A.

If kinetics of my(t;) is much faster than kinetics of hy(t;), the peak value function of
recovery conductance becomes asymptotically exponential as follows:

Gx,z;pedk(tl)zchlq(tl) * ‘ ' - o | _ (33)
| | 5. SIMULATION RESULTS

In the simulations, Vj voltage was selected so that complete inactivation of the current
was provided, i.e. mg=1, he=0. V, voltage was selected so that complete removal of
inactivation was provided, i.e. m;j.=0 and hj.=1. Five simulations were carried out.

In the first simulation, V; voltage was taken as 50 mV for fast sodium current(NaF).
Activation and inactivation time constants were calculated from Eqn(6,10,11) as
Tmo=1.167646e-7 s, Tn=9.793718e-6 s at the voltage. V voltage is taken as -180.mV.
Activation and inactivation timeé constants were calculated from Eqn(6,10,11) as
Tri=4.54683¢-7 3, Tn=4.43896¢-3 s at the voltage. g,z Was taken as 75000 S/m® . C
value was calculated from Eqn(32) as 69382.5679 S/m®. The curves of recovery and its
approximation by Eqn(33) are shown in Figure la. The curve of recovery reached to its
C value at t;=0.1176 s.

In the second simulation, Vy voltage was taken as 70 mV for P-type calcium
current(CaP). Activation and inactivation time constants were calculated from
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Eqn(6,13,14) as T,0=1.184482¢-4 5, T0=0.181820 s at the wvoltage. V; voltage was taken
as -100 mV. Activatioi and mactlvauon time constants were .calculated from
Eqn(6 13,14) as T,1=3.332527¢-5 s, Tni=0. 666598 s at the voltage gcap Was taken as 45
S/m” . C value was calculated from Eqn(32) as 44,7562 S/m? The curves of recovery
and its approximation by Eqn(33) are shown in Figure 1b. The curve of recovery
reached to its C value at £;=8.9998 s.

In the thirth simulation, V, voltage was taken as 50 mV for T-type calcium
current(CaT). Activation and inactivation time constants were calculated from Eqn(é
"16,17) as Tyo=3.846692e-4 s, T5p=5.263396e-3 s at the voltage V, voltage was taken as
-150 mV. Activation and inactivation time constants were calculated from Eqn(6 16,17)
as Ty=5.555548e-3 s, 1,1=0.398625 s at the volta, ge gc,T was taken as 5 S/m? . C value
was calculated from Eqn(32) as 3.8287 S/m®. The curves of recovery and its

approximation by Eqn(33) are shown in Figure 1c. The curve of recovery reached to its
C value at t;=4.2592 s.

In the fourth simulation, V, voltage was taken as 50 mV for A current(KA). Activation
and inactivation time constants were calculated from Eqn(6,19,20) as Tmo=7.154529¢-4
s, Tho=7.706433e-4 s at the voltage. V; voltage was taken as -140 mV. Activation and
inactivation time constants were calculated from Eqn(é 19,20) as Tin1=2.040342¢-3 s,
Tn1=0.057131 s at the voltage gxa was taken as 150 Sfm? . C value was calculated from
Eqn(32) as 13.8183 S/m’. The curves of recovery and its approximation by Eqn(33) are
shown in Figure 1d. The curve of recovery reached to its C value at t;=0.7174 s.

In the fifth simulation, V, voltage was taken as 80 mV for delayed rectifier
current(Kdr). Activation and inactivation time constants were calculated from Eqn(22-
25) as Tymo=4.617658e-4 s, 11,¢=0.01 s at the voltage. V; voltage was taken as -100 mV.
~Activation and inactivation time constants were calculated from Eqn(22-25) as
Tmi=2.968909¢-4 s, T,,1=1.2 s at the voltage. ngr was taken as 6000 S/m?* . C value was
calculated from Eqn(32) as 4811.6525 S/m®. The curves of recovery and its
approximation by Eqn(33) are shown in Flgure Ie. The curve of recovery reached to its
C value at t;=21.5098 s. :

6.CONCLUSIONS

In this papér time-course of the recovery from the inactivation of the ionic currents
present in cerebellar Purkmje cell is examined. The peak value function of recovering
conductance is obtained in general form includes the number of inactivation gates, and
given explicitly. It’s seen from the curves of recovery and its approximation in Figure 1
that there is no deviation between recovery curves and and its exponential curves, and
both of the curves coincide. Therefore the recovering conductance of the ionic currents
studied is asymptotically exponential.
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APPENDIX A.DETAILS OF THE PEAK VALUE FUNCTION OF THE .
| | '~ RECOVERING CONDUCTANCE =~ o

Differentiating Eqn. (30) and setting the derivative to zeto gives
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Rearranging Eqn (30) with (A1) gives.

SOV
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Figure 1. The curve of recovery and its approximation for (a) NaF, (b) CaP, (c) CaT, (d)
KA, (e) Kdr currents.





