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Abstract: Amyotrophic lateral sclerosis (ALS) is a
neurodegenerative disease selectively affecting motor
neurons functioning. Mutations of the Cu,Zn
superoxide dismutase (SOD1) account for 20% of
the familial cases of ALS. Previous studies
investigated spinal motor neurons excitability in
transgenic mice overexpressing the mutated (Gly93
— Ala) human SOD1 enzyme and showed that
expression of the human G93A-mutant SOD1 gene
induces a different excitability in motor neurons
with respect to control and SOD1 motor neurons.
We developed a mathematical model able to
reproduce the firing properties of spinal motor
neuron in non-transgenic mice. We performed a
sensitivity analysis on the model to identify
modifications in conductances and/or Kinetics of the
ionic currents that can be responsible of the
observed alterations both in firing frequency and in
AP duration in G93A motor neurons. We found that
changes limited to ionic current conductances are
not able to reproduce G93A firing alterations. We
observed that the mutant motor neuron
hyperexcitability can be reproduced by means of a
faster Kkinetic of small conductance calcium-
dependent potassium current. Thus, we propose this
current mutation as a possible mechanism
underlying ALS-associated alterations.

Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal
disease characterized by the progressive and selective
degeneration of cortical and spinal motor neurons.
Mutations in the gene coding for human Cu,Zn
superoxide-dismutase (SOD1) have been reported for
approximately 20% of all familial cases of ALS [1,2].

Transgenic mice overexpressing the mutated (Gly93
— Ala) human SODI1 enzyme develop phenotypic and
pathological symptoms resembling ALS in humans,
whereas SOD1 knockout mice do not [3,4].

The expression of the human G93A-mutant SODI1
gene induces excitability modifications in cultured
mouse spinal motor neurons, such as an increased firing
frequency and a shorter duration of the action potential
(AP), with respect to control and SOD1 motor neurons
[5,6]. Moreover, transcranial magnetic stimulation

(TMS) studies have shown that, in ALS patients,
increased excitability of corticomotoneurons contribute
to motor cortex hyperexcitability [7]. The enhanced
number of action potentials induced in mutant G93A
motor neurons during activation, resulting from
hyperexcitability, can contribute to pathological
mechanisms suggested for motor neuron degeneration
[8].

It is known that several distinct ion currents
determine action potential properties and membrane
excitability. The correlation between action potential
waveform and ionic current changes in motor neurons
has been analyzed in previous studies [9,10]. However,
the modifications at the ion-channel level underlying the
observed motor neurons hyperexcitability are still
unknown and have to be deeply investigated.

In order to answer this question, mathematical
modelling of neuronal excitability can strongly support
the classical electrophysiological approach. Numerical
simulation in fact allows to easily evaluate the effects
produced by a ionic current alteration on firing
properties, whereas studying in vitro the same problem
is more difficult, due to complex interactions between
ionic currents.

At this aim we developed a mathematical model
based on a single-compartment Hodgkin-Huxley
formulation [11]. The model was able to reproduce the
essential features of non-transgenic mice spinal motor
neurons firing.

In this work we present the results of a sensitivity
analysis performed on the model through simulations.
The target of this analysis was to characterize the
possible ionic currents alterations able to produce the
effects experimentally observed on motor neuron
excitability.

Materials and Methods

The motor neuron excitability was simulated by
means of a computer model implemented in Simulink
(The MathWorks, Inc., Natick, MA; USA). This model
includes a mathematical description of several ionic
currents, pump currents and exchangers, mostly based
on motor neuron electrophysiological data [11,12]. The
model also includes a simplified description of an
intracellular calmodulin calcium buffer. The firing
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behaviour was elicited in the model by simulating the
application of a step of depolarizing current, in order to
reproduce the current-clamp protocol used in [5].

Some parameters of the model were modified, with
respect to the values indicated in [11], in order to better
reproduce the qualitative features of the spike train. This
was obtained by increasing fast sodium current
conductance and calcium dependent potassium-current
(large type) conductance, respectively to 130 nS and
180 nS. These changes did not alter the good fitting of
quantitative features, like the relation between the firing
frequency (F) and injected current (I), and AP
waveform properties.

The experimental reference values, taken from [5],
are summarized in Figure 1.
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Figure 1: Firing properties in non transgenic (Control)
and mutant (G93A) motor neurons (modified from Pieri
et al., 2003 [5]). (A) Relation between firing frequency
F and injected current I in Control and G93A cells. The
firing frequency in G93A culture was significantly
greater than that in the Control. (B) Comparison
between AP properties in Control and G93A motor
neurons in response to a +200 pA injected current. The
AP rate of rise in the two cultures is comparable,
whereas the AP rate of repolarization in the G93A
culture was significantly greater compared to that of
Control. The AP duration was shorter in the G93A cells
than in the Control.

As a first step of our study, we analyzed the
contribution of each ionic current present in the model
to the slow repolarization phase between two action
potentials. At this purpose we calculated the integral of
each current during this period, corresponding to the
total electric charge transported through the membrane
by the considered ionic current.

The second step was a sensitivity analysis of the
model, performed by applying small changes (+5%) to
ionic currents conductances. We measured the firing
frequencies (as the inverse of the first inter-spike
intervals) elicited by a +200 pA and +500 pA injected
current, and we compared them with the base values, in
order to evaluate the effects of the alterations.

We then focused our attention on the small
conductance calcium-dependent potassium current and
we verified the effects of changes applied to its time
constant.

Results

The value of the first inter-spike interval can be
calculated from measured firing frequencies (22.8 ms in
Control and 17.5 ms in G93A motor neurons, in
response to a +200 pA injected current). The observed
difference cannot be explained by the shortening in AP
duration. Thus, the currents underlying the under-
threshold phase of the action potential, must play a
fundamental role in causing the hyperexcitability of
G93A mutant cells.

For this reason, we focused our attention on the slow
depolarization phase preceding the spike generation. We
analyzed through simulation the ionic currents flowing
through the membrane during this phase of the action
potential. Time-course of all currents in the model,
excluding pump currents and exchangers, is shown in
Figure 2A.
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Figure 2: JIonic currents underlying the slow
depolarization phase. (A) Time-course of voltage-
dependent ionic currents during the slow depolarization
phase (see the thickened line in the upper right inset).
Outward currents (positive) hinder the depolarization,
whereas inward currents (negative) facilitate it. (B)
Total amount of electric charge transported by each
current, calculated by numerical integration.
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We estimated the contribution of each current to the
depolarization phase by numerical integration in the
considered time period. The histogram in Figure 2B
shows the calculated values, corresponding to the total
amount of electric charge transported through the
membrane. Outward currents, conventionally indicated
as positive, transport a positive charge out of the cell,
hindering the membrane depolarization. Inward
currents, instead, facilitate the membrane depolarization
transporting a positive charge into the cell.

A shortening of the slow depolarization phase can be
obtained either by reducing an outward current or by
enhancing an inward current. We then performed a first
sensitivity analysis on the model, by applying small
changes to ionic currents conductances. We applied a
5% increment to inward currents and a 5% decrement to
outward currents. Table 1 shows the variations
(expressed as percentages) of the firing frequency
corresponding to each current variation. The frequency
variation was calculated both for a +200 pA and a +500
pA stimulating current. Inward and outward currents are
listed separately in the table, ordered by the total charge
transported during the slow depolarization phase
(decreasing from top to bottom).

Table 1: Results of the sensitivity analysis on ionic
currents conductances

ionic F variation F variation

current (+200 pA) (+500 pA)
Ina +0,64% +0,27%
e Inap +0,45% +0,28%
§ Icas +0,74% +0,30%
g Ina -3,06% -1,79%
Ica +2,82% +0,20%
Ix +2,44% +0,65%
2';1 Txcask +0,91% +1,28%
z Ix +0,43% +0,20%
2 Ixa +0,10% +0,23%
TxcaBk -2,79% -2,60%

These results show that the model presents a low
sensitivity to conductances variations. The frequency
percentage increments were always lower than the
change applied to the parameters. In two cases the
variations did not produce the desired effect, and the
firing frequency resulted decreased with respect to the
base values.

We also tried to apply greater variations to the
parameters (£10%). In most cases the model lost its
ability to produce a sustained oscillation. In conclusion,
we did not find any ionic conductance that could be
modified to obtain firing frequency values comparable
with those of G93A mutant cells.

Conductance is only one of the parameters
characterizing ionic currents in the model. It is known
that ionic channel kinetics are fundamental in

determining current properties. We then tried to
identify a current whose kinetic could be effective in
enhancing firing frequency. Looking at the time-course
of ionic currents during the slow depolarization (see
Fig. 2A), it was evident that the greater part of the
considered currents was almost constant in this phase.

Small conductance calcium-dependent potassium
current seemed to be the only current which kinetic
could be modified in order to reduce the flow of positive
electric charges out of the membrane, and consequently
shorten the duration of the depolarization phase. In fact,
this current showed a decreasing time-course during the
considered period.

We found that the reduction of the time constant of
this current was effective in enhancing firing frequency
and it did not affect the ability of the model to produce
repetitive spikes. We then reduced the time constant to 2
ms, corresponding to half of its original value, and we
adjusted the conductance of this current, by applying a
30% increase, in order to better sustain membrane
potential oscillations in response to high stimulating
currents. The new values of the parameters were chosen
in order to reproduce the modifications observed in
experimental F-I relation in G93A mutant cells.

A

Control

A

S 40 Mutant
Ex
0
20
-40
60
-80
o 100 200
[ms]
B 54 w5 45
£ 3, S == Conirol
o Ess o £'0 = Mutani
z 3 35 35
=
100
25 30 30
25 25
. / 2
w is 20 20
- 5 5
“° + Control 1 10 10
20 * Mutant 05 5 5
o 0 0 2 o .
200 300 400 500 Rate Rate of

1 pA] Duration . = O
of rise repolarization

Figure 3: Simulated firing properties obtained with the
base values of the parameters (Control) and after the
modification of small conductance calcium-dependent
potassium current (Mutant) (A) Membrane potential
traces in response to +200, +300, +400, +500 pA
depolarizing current step (from left to right). (B)
Relation between firing frequency and injected current.
After parameters modification motor neuron firing
frequency is strongly enhanced. (C) AP properties in
Control and Mutant simulations.
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Figure 3 shows the effects produced on firing
properties by the described modifications. The results
obtained with the base values of the parameters are
indicated as Control, whereas the modified parameters
are indicated as Mutant. Simulated membrane potential
traces are reported in Figure 3A, in response to
stimulating current steps of four different amplitudes
(+200, +300, +400, +500 pA from left to right). Figure
3B shows the relation between firing frequency and
injected current. The effect produced by the
modification of small conductance calcium-dependent
potassium current parameters is comparable with the
alterations observed in G93A mutant cells (see Figure
1A).

We found that the parameter values chosen to fit
firing frequency curve are effective also in reproducing
the modifications observed in G93A mutant AP
properties. After parameter modification, the simulated
action potential had a shorter duration, comparable rate
of rise, and increased rate of repolarization, as observed
in motor neurons expressing G93A mutant human
SODI1 gene. The comparison between action potential
properties obtained with base and modified parameters
is shown in Figure 3C.

Discussion

In this work we carried out a sensitivity analysis in a
mathematical model of spinal motor neuron. The main
purpose of this analysis was to identify parameters in
the model able to reproduce the alterations in firing
properties observed in G93A mutant cells.

Based on the results of our analysis, we exclude that
hyperexcitability in G93A motor neurons could depend
only of a variation in ionic channel conductances. We
propose that small conductance calcium-activated
potassium current could play an important role in
modifying the mutant motor neuron firing properties.
This hypothesis was suggested by the evidence that the
simulated firing frequency is highly sensitive to this
current kinetic. In particular, reducing the time constant
driving this current causes an enhanced firing frequency
of the simulated motor neuron.

The suggested hypothesis is derived from a
simulation study and it obviously can not be considered
as an exhaustive conclusion about ALS pathogenic
mechanisms. However, there are some experimental
evidences that could support this result. The increase of
intracellular calcium concentration has been proposed as
one of the mechanism by which a mutation of SODI1
may lead to motor neuron toxicity and degeneration
[8,13,14,15]. Modifications in intracellular calcium
concentration can be the cause of an alteration in
calcium-dependent  potassium  currents. In  our
mathematical description of small conductance calcium-
activated potassium current, the time constant was
independent of both membrane potential and calcium
concentration. A more accurate description of this
current should be included in the model, in order to

verify whether an increased intracellular calcium
concentration could result in a modified kinetic of this
current comparable with the proposed one.

Moreover, a recent study demonstrated that G93A
motor neurons are characterized by a larger TTX-
insensitive outward current, and proposed also small
conductance calcium-activated potassium current as a
good candidate for the observed changes [16].

For these reasons, we think that an
electrophysiological characterization  of  small
conductance calcium-activated potassium current should
be highly suitable, in order to experimentally verify the
simulation results.

Conclusions

The present analysis was aimed to investigate the
role of different ionic current parameters in determining
motor neuron firing properties, by using numerical
simulation. Based on this analysis results, small
conductance calcium-activated potassium current was
proposed as mechanism responsible for the observed
hyperexcitability in G93 A mutant motor neurons.

References

[1] DENG H.X., HENTATI A., TAINER J.A., IQBAL Z.,
CAYABYAB A., HUNG W.Y., GETZOFF E.D., HU P.,
HERZFELDT B., R0oOs R.P., et al. (1993):
‘Amyotrophic lateral sclerosis and structural
defects in Cu,Zn superoxide dismutase’, Science,
261(5124), pp. 1047-51.

[2] RoOSEN D.R., SIDDIQUE T., PATTERSON D.,
FIGLEwicz D.A., SaApp P., HENTATI A.,
DONALDSON D., GOTO J., REGAN J.P., and DENG
H.X. (1993): ‘Mutations in Cu/Zn superoxide
dismutase gene are associated with familial
amyotrophic lateral sclerosis’, Nature, 362, pp. 59-
62

[3] GURNEY M.E., PU H., CHIU A.Y., DAL CANTO
M.C., PorLcHow C.Y., ALEXANDER D.D.,
CALIENDO J., HENTATI A., KwWON Y.W., DENG
H.X., et al. (1994): ‘Motor neuron degeneration in
mice that express a human Cu,Zn superoxide
dismutase mutation’, Science, 264(5166), pp.
1772-5

[4] Tu P.H., RAJU P., ROBINSON K.A., GURNEY M.E.,
TROJANOWSKI J.Q., and LEE V.M. (1996):
‘Transgenic mice carrying a human mutant
superoxide dismutase transgene develop neuronal
cytoskeletal — pathology  resembling  human
amyotrophic lateral sclerosis lesions’, PNAS
93(7), pp. 3155-60

[5] PIERT M., ALBO F., GAETTI C., SPALLONI A.,
BENGTSON C.P., LONGONE P., CAVALCANTI S., and
ZONA C. (2003): ‘Altered excitability of motor
neurons in a transgenic mouse model of familial
amyotrophic lateral sclerosis’, Neuroscience
Letters, 351(3), pp. 153-156

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE



The 3 European Medical and Biological Engineering Conference

EMBEC'05

November 20 — 25, 2005
Prague, Czech Republic

(6]

(7]

[10]

[11]

Kuo J.J., SCHONEWILLE M., SIDDIQUE T., SCHULTS
AN, FUR.,, BAR P.R., ANELLI R., HECKMAN C.J.,
and KROESE A.B. (2004): ‘Hyperexcitability of
cultured spinal motoneurons from presymptomatic
ALS mice’, Journal of Neurophysiology, 91(1), pp.
571-5.

ZANETTE G., TAMBURIN S., MANGANOTTI P.,
REFATTI N., FORGIONE A., and RizzuTO N. (2002):
‘Different mechanisms contribute to motor cortex
hyperexcitability in amyotrophic lateral sclerosis’,
Clinical Neurophysiology, 113(11), pp. 1688-1697
CLEVELAND D.W. and ROTHSTEIN J.D. (2001):
‘From Charcot to Lou Gehrig: deciphering
selective motor neuron death in ALS’, Nature
Reviews Neuroscience, 2(11), pp. 806-19

GAao B.X. and ZISKIND-CONHAIM L. (1998):
‘Development of ionic currents underlying
changes in action potential waveforms in rat spinal
motoneurons’, Journal of Neurophysiology, 80, pp.
3047-3061

Hess D. and EL MANRA A. (2001):
‘Characterization of a high-voltage-activated IA
current with a role in spike timing and locomotor
pattern generation’, PNAS 98(9), pp. 52765281
Marzocchi N., Severi S., Pieri M., Zona C., and
Cavalcanti S. (2005): ‘Numerical simulation of
motor neuron excitability in a transgenic mouse
model of familial amyotrophic lateral sclerosis’, in
Ursino M., Brebbia C.A., Pontrelli G., and
Magosso E. (Ed): Modelling in medicine and

[12]

[13]

[14]

[15]

[16]

biology VI, (WIT Press, Southampton, UK), pp.
221-8

AMINI B., BIDANI A. ZWISCHENBERGER J.B., and
CLARK J.W. (2004): ‘A model of the rat phrenic
motor neuron’, |IEEE Transactions on Biomedical
Engineering, 51(7), pp. 1103-1114

VAN DEN BOSCH L., VANDENBERGHE W.,
KLAASSEN H., VAN HOUTTE E., and ROBBERECHT
W. (2000): ‘Ca(2+)-permeable AMPA receptors
and selective vulnerability of motor neurons’,
Journal of the Neurological sciences, 180(1-2), pp.
29-34

WEISS J.H. and SENsT S.L. (2000): ‘Ca2+-Zn2+
permeable AMPA or kainate receptors: possible
key factors in selective neurodegeneration’, Trends
in Neurosciences, 23(8), pp. 365-71

BEERS D.R., HO B.K., SIKLOS L., ALEXIANU M.E.,
MoOsSIER D.R., MOHAMED A.H., OTSUKA Y.,
Kozovska M.E., MCALHANY R.E., SMITH R.G.,
and APPEL S.H. (2001):  ‘Parvalbumin
overexpression alters immune-mediated increases
in intracellular calcium, and delays disease onset in
a transgenic model of familial amyotrophic lateral
sclerosis’, Journal of Neurochemistry, 79(3), pp.
499-509

Kuo J.J., SIDDIQUE T., FU R., and HECKMAN C.J.
(2005): ‘Increased persistent Na(+) current and its
effect on excitability in motoneurones cultured
from mutant SOD1 mice’, Journal of Physiology,
563(3), pp. 843-54

IFMBE Proc. 2005 11(1)

ISSN: 1727-1983 © 2005 IFMBE



