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A Neural Model of Demyelination of the Mouse Spinal Cord

Biljana Petreska and Yossi Yovel

Abstract— This paper presents a neural network model of
demyelination of the mouse motor pathways, coupled to a
central pattern generation (CPG) model for quadruped walking.
Demyelination is the degradation of the myelin layer covering
the axons which can be caused by several neurodegenerative
autoimmune diseases such as multiple sclerosis. We use this
model - to our knowledge first of its kind - to investigate the
locomotion deficits that appear following demyelination of axons
in the spinal cord. Our model meets several physiological and
behavioral results and predicts that whereas locomotion can
still occur at high percentages of demyelination damage, the
distribution and location of the lesion are the most critical
factors for the locomotor performance.

I. INTRODUCTION

Artificial neural networks are a well established tool
commonly used in research that aims to gain a better
understanding of biological neural networks. Their basic
elements include simple processing elements (simulating the
neurons) connected in a network (representing the axons).
The neurons act upon each other according to a set of simple
rules, however, the entire system can exhibit complex global
behavior. Although stemming from a biological background,
neural network models have never taken into account the role
played by the insulating layer of the axons, known as myelin,
thus always assuming perfect insulation.

Myelin is an electrically insulating phospholipid layer that
surrounds the axons of most neurons in the body. Myelin is
created by different cells in the central and the peripheral
nervous system, but it serves a similar task in both cases.
Its main functions are to increase the resistance of the
cell membrane and to decrease its capacitance and thus to
enhance the propagation speed of the electric signal along
the axon, and to prevent it from leaking out. A degradation
of the myelin layer, termed demyelination, can be caused
by several neurodegenerative autoimmune diseases such as
multiple sclerosis (MS) as well as by a postponing source
like heavy metals [1]. On the neurophysiological level a
degradation of the myelin layer slows down the signal’s
propagation speed, and decrease its amplitude. In addition,
imperfect insulation of two adjacent axons can lead to a
transfer of electric potential from one to the other, also known
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as the crosstalk phenomenon. The physiological symptoms
of demyelination depend on the region of the damage, and
can include impaired vision or motion. In this paper, for the
first time to our knowledge, we try to introduce a framework
for demyelination into an artificial neural network model. To
test it we apply it to a network simulating locomotion.

It is now well known that locomotion in vertebrates
is generated by central pattern generators (CPGs) in the
spinal cord [2]. The CPG is a dynamical neural unit that
receives tonic input drive from the brainstem and generates
the oscillatory patterns needed for walking, swimming or
other gaits, according to this input [3], [5], [4], [6]. In this
paper we simulate the activity of motoneurons (i.e., neurons
that activate the muscles) in the spinal cord of the mouse
using a potential, although simplified, CPG model based on
the Ellias-Grossberg oscillator (described in more detail in
section II) [7].

II. MODEL DESCRIPTION

We developed a neural model of the last part of the
mouse’s ventral corticospinal tract, namely of the axons
starting at the brainstem control neurons and connecting to
the motoneurons in the CPGs of the limbs (shown on Fig.
1.A). We then impair the signal conducted through these
axons in a way that is similar to the result of demyelination
and observe how this affects locomotion.

A. Model for quadruped walking

The CPG model used in this work is a version of the Ellias-
Grossberg oscillator whose neurons obey the biologically
inspired Hodgkin-Huxley equations [7]. The key feature of
this model is different time scales of operation between
fast excitatory on-center and slow inhibitory off-surround
neurons. The motoneurons of a CPG unit related to one limb
receive a single tonic input that controls the frequency and
phase relationships with the CPG units of the other limbs, so
that gait transitions can be triggered at particular activation
levels. Importantly, as the input signal to the motoneurons is
increased, the system produces the same gait with increased
speed and at a particular level switches to a different walking
gait - walk, trot, pace and gallop - in the same order as they
appear in the cat. Here we only use the walking pattern of the
model to simulate the behavior of a mouse on a rod rotating
at a constant speed, as we assume that walking is the most
adapted gait considering the size and speed of the rotarod.
The model for quadruped walking comprises four oscillators,
each related to one limb (see Fig. 1.A). Each oscillator ¢ (1
indexes the left fore limb oscillator, 2 the right fore limb, 3
the left hind limb and finally 4 refers to the right hind limb
oscillator) is composed of one excitatory motoneuron z; and
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one inhibitory motoneuron y; whose membrane potentials
are governed by the following equations:

{ i = —aw; = (B4 ) 325 digg(y;) + (v — ) [f (i) + 1]

gi = e((1 = i)l " — wi)

[w]™ =maz(w,0), i,jel,... 4
M
where I € R[0,0.5] is the tonic brainstem input. «, 3, 7,
€ € R[0,2.5] are scaling parameters (the values chosen are
shown in Table I) and d;; is the strength of the connection
between the inhibitory motoneuron y; to the excitatory
motoneuron x;. The connectivity for the 4 limb CPGs is
shown in Figure 1.B and the values chosen for the entries of
this connectivity matrix are given in Table II. The output of
an excitatory / inhibitory motoneuron is a rectified sigmoid
function f / g of their respective membrane potentials x; and
¥4, and corresponds to the firing rate of the motoneuron:
P o LR (71
sz + ([w]1)? syt (wilh)?

where f(z) € R[0,7,] and g(y) € R[0,ry]. The values of
the parameters 74,7y, Sz, Sy € R[0,10] are given in Table 1.
The oscillator is assumed to govern the extension and flexion
of the limb muscles ¢ through the output activity f(z;) of
its excitatory neuron x;.

(@3]

TABLE I
PARAMETER VALUES (PLEASE REFER TO SECTION II-A FOR MORE
DETAILS)
a=1 5 =1.05 v =25 e=1.5
re = 9.8 sz =0.5 Ty = 3.9 sy = 0.5
T1 = Os T2 = 0.05s T3 = 0.1s T4 = 0.15s
TABLE II

CONNECTIVITY MATRIX BETWEEN THE 4 LIMB CPGS. THE OSCILLATORS
ARE NUMBERED AS FOLLOWS: 1 IS THE LEFT FORE LIMB, 2 THE RIGHT FORE LIMB,
3 THE LEFT HIND LIMB AND 4 IS THE RIGHT HIND LIMB OSCILLATOR

di1 =1 dio = 0.3 diz =0 di4 = 0.3
do1 = 0.3 dog =1 daz = 0.3 doa =0
ds1 = 0.3 dss =0 dsz =1 dsqs = 0.3

dy1 =0 dg2 = 0.3 dq3 = 0.3 dgg =1

Interlimb oscillations are obtained by introducing stereo-
typed temporal asymmetries in the arrival time of the brain-
stem control signal at each leg, the latencies 7; from onset
time are given in the third row of Table L.

We first extended this model so that the brainstem tonic
control signal I arrives at the level of the excitatory mo-
toneurons in a distributed fashion, similar to what happens
in the living organism (see Fig. 1.A). The input signal I;
to the CPG’s excitatory motoneuron with index ¢ is thus a
weighted sum of 1000 brainstem control signals that travel
through the spinal cord axons. To be more specific, 4 axon
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Fig. 1. A, A general schema of the model. B, The connectivity within
and between the 4 limb CPG oscillators. C, The output activity of the limb
oscillators for walking (L is left, R right, F fore limb and H hind limb), the
brainstem tonic input was set to 0.1. D, A Pearson diagram of the simulated
walking gait of the mouse, steps are represented in white and correspond
to periods of time when the output activity of the excitatory motoneuron
exceeded the threshold of 2.
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Fig. 2. A, An example of the distribution of axons of different sizes

in the spinal cord, taken from [8]. B, In order to match the biological
distribution we have distributed the connection weights between brainstem
control neurons and CPG motoneurons using the exponential distribution
e~ PT with p set to 0.4.

bundles with different lengths and thus different conduction
times, leave each of the 1000 control neurons and connect
it to all 4 motor units, such that the same total brainstem
control signal travels through 4 separate bundles of axons,
each of which controls a specific leg:

Iz(t) = Zk wikbk(t) rel,... 4
u.c Yy pwikp=1 Vk by=1I

kel,2,...,1000;
3)

where by, is the activity of the k" brain stem neuron
devoted to the control of limb movement and w;; is the
strength or weight of the connection between this neuron and
the excitatory motoneuron z; of limb CPG ¢. The strength
of connectivity between two neurons can be biologically
interpreted as the diameter of their connecting axon. We
distributed the values of the spinal cord weights so that
they would match the biological weights distribution found
in [8], i.e., we used an exponential distribution to simulate
numerous small axons and rare large axons as shown on
Figure 2.

B. Demyelination model

Demyelination is believed to have principally two
different effects: (i) leakage and crosstalk and (ii) a slow
down in the signal propagation speed [1] (see also section I).

i) As a result of the insufficient insulation, the signal
might decrease due to a leakage out of the axon. In the
case when a second demyelinated axon is in the vicinity it
might be affected by the leakage so that its potential will be
changed. This means that the signals from two demyelinated
neighboring axons influence each other. We assumed that
this influence is additive and proportional to the amount of
demyelination of the axons. Thus the potential change due
to crosstalk and leakage c;; of an axon w; is expressed as
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a term that sums the signal leaking from neighboring axons
(depending on their respective demyelination factors) minus
the total signal leaking from the axon itself, such that a fully
myelinated axon will not diffuse nor absorb:

Cik(t) = mlk(‘lﬁ Zw]meN mjmwjmbm(t) — wikbk (t))
1el,...,4; kel,2...,1000.

“

where m;, € RJ0,1] corresponds to the percentage of
demyelination of an axon (0 is for fully myelinated and 1
is for fully demyelinated), w;; is the strength of an axon
connecting the brainstem control neuron by and excitatory
motoneuron x; and corresponds roughly to the diameter of
the axon. IV is the set of neighboring axons of w;g, with
cardinal number |N|, that follow the spatial model of parallel
bundles of 1000 axons adopted previously (shown on Fig.
1.A). The |N| neighbors of an axon w;; are the axons
from the same bundle ¢ and from the other ipsilateral limb
bundle whose indices k € [k — n,k + n], throughout the
simulations n was set to 100 which corresponded to 10% of
the total number of axons in the bundle and for simplicity
edges were treated circularly. Thus, according to our model,
crosstalk can also occur between axons of different bundles
if they control two ipsilateral limbs and have similar indices.

ii) Demyelination causes also slowing of the signal and
thus a delay in the conduction time of the signal through the
spinal cord, that is again assumed to be proportional to the
amount of demyelination:

Tik = T * My (5)

meaning that a 100% demyelination would result in slow-
ing the signal for the maximal latency 7 (1 ms), where 7 is
the maximal traveling time delay caused by demyelination
and was chosen to match the biological value found in [8].

After introducing the distributed input, demyelination
crosstalk and delay, part 1 of equation 1 representing the
membrane potential of an excitatory motoneuron becomes:

T = —aw; — (B+x) )2 dijg(y;)+
(v = @) (f (i) + 225 wibi(t — Tir) + ¢i(t — Tix))

i€l,..., 4 kel,2,...,1000.
(6)

III. DATA ANALYSIS

To analyze the effects of demyelination on our model we
set the tonic brainstem input and CPGs connections so that
the mouse would normally walk or run and measured the
following quantities: relative phases between the front limbs
of the mouse, amplitude of steps and motoneuron activities.
In order to ease the analysis we transformed our motoneuron
output signal into a binary raster plot (see Fig. 1.D). A step
(white rectangle in the figure) was defined as the entire region
in which the signal exceeded a certain threshold level. It is
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Fig. 3. A, Relative phase between the left and right front limbs and B, Mean amplitude of steps following a uniform lesion given for different percentages
of demyelination and demyelinated neurons. The first row shows the effect of both crosstalk with leakage and time delay, the second row shows the effects
of crosstalk with leakage and the third row the effects of time delay alone. The tonic brainstem input was set to 0.1 and threshold was set to 2.

worth noticing that changing the threshold would change the
sizes of the steps and consequently change the borders of
what we define as walking for instance. It will not however,
have any real influence on the observed phenomena. We
used the raster plot to calculate the mean amplitude of steps
and the shift between different legs in time units. The gait
shown in the diagram in Fig. 1.D is walking, as the limbs
are activated in a precise cyclic order: left hind limb - left
fore limb - right hind limb - right fore limb, whereas running
would correspond to an activation of the limbs in the same
precise order but a higher frequency (refer to [7] for more
detail). We did not consider other gaits than walking and
running as we estimated them unappropriate for the execution
of the rotarod task. We consider that the system is not
walking anymore when it does not meet one of the following
criteria: (i) the order of activation of the limbs is equivalent
to the walking gait shown in Fig. 1.D (ii) the step of one
limb ends before the other limbs initiate their step and (iii)
the average amplitude of the steps is the same for different
limbs so that the distance traveled by one leg is not too big
or too small compared to that of the other limbs.

IV. RESULTS

In this part we present the results obtained for uniform,
focal asymmetric and biologically distributed lesions. We
also describe the particular contributions of crosstalk with
leakage and time delay on the behavior of the model as well
as the effect of the distribution of the demyelination lesion
on the locomotion patterns of the CPGs.
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A. Systematic investigation in the case of a uniform lesion:
a toy example

In order to gain some insight into the direct consequences
of different levels of demyelination we first impaired the
spinal cord weights w;j, in a systematic and uniform manner,
i.e., all affected axons had the same level of demyelination.
The result is shown on Fig. 3.1 for the relative phase between
the two front limbs (Fig. 3.A) and for the mean amplitude
of steps (Fig. 3.B) at different percentages of demyelination.
As it can be observed, until about 70% of demyelinated
neurons, demyelination causes an increase in the relative
phase between the two front limbs and a decrease in the
amplitude of steps, thus slowing the walking gait. This effect
is probably due to the leakage component of our model.
When the damage is above 70% the tendency is reversed
depending on the demyelination level: the relative phase
decreases and amplitude of steps increases but never returns
to the original values of the non-demyelinated system. This
is due to the fact that with high percentages of demyelination
and demyelinated neurons, the crosstalk component has more
influence than the leakage. The variations in the quantities
measured are gradual. The model thus predicts that the
more the spinal cord of the mouse is demyelinated, the
slower its walking is, such that the mouse has to increase
its brainstem input signal in order to maintain a certain
speed. The pattern obtained for this tonic brainstem input is
always walking, whereas for higher brainstem inputs and at
high demyelination percentages we also observe non-walking
locomotion patterns where several limbs are simultaneously
active, or walking locomotion patterns that initiate with a
non-walking transient such as the one shown on Fig. 4 and
explained in more detail in Section I'V-B.
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B. Comparison of contributions of crosstalk and time delay

In a second step we compared the contributions of
crosstalk with leakage to time delay separately in order to
see how each of these terms affects the walking gate. We do
this by eliminating the effect of the other factor.

The effects of crosstalk and leakage alone: Crosstalk
created transient patterns, namely a few non coordinated
steps before the walking stabilized as shown in Fig. 4. This
is probably due to perturbations of the onset of the brainstem
input signal at the level of the limbs CPGs. Indeed, in
some cases, demyelinated axons that did not convey any
signal at a present time (e.g., axons that would control the
last leg to move) received portions of the signals of their
demyelinated neighbors (crosstalk across ipsilateral bundles)
such that a different gait cycle was initiated. However, the
system exhibited walking behavior in the long run. Leakage
decreased the total amount of input signal that arrived at
the level of the motoneurons, which by construction of the
walking model (see Section II-A) corresponded to slowing
of the walking gait. In addition, we found that only crosstalk
and leakage provoked an increase in the relative phase
between the two frontal limbs cycles and a decrease in the
mean amplitude of steps, whereas delay did not perturb these
quantities (see Fig.3.2 and Fig.3.3).

The effect of time delay alone: With time delay alone,
the walking was perfect but started later (see Fig. 3.3 and
Fig. 5). It is important to note that this result is valid only
for a uniform lesion, meaning that each limb is delayed
by an equal amount of time, which leads to the same
temporal asymmetries between the onsets of the brainstem
input signals at the level of the limbs CPGs as in the normal
case and thus the same walking gait is initiated.

C. A focal asymmetric lesion

In another experiment we demyelinated only a single axon
bundle that controls a single mouse limb. The results of this
action show that the location and symmetry of the lesion is
a critical parameter, because the system stopped functioning
already at very low demyelination percentages in the same
conditions as the ones used in Section IV-A where the system
always walked.

D. A biological lesion

Finally we tried to reproduce a typical biological lesion
similar to the ones observed in [8] caused by a virus. Larger
axons (i.e., with strong connectivity weights in our model)
were more frequently demyelinated than small axons. The le-
sions were created in a focal manner, meaning that for a given
number of lesions, the center of each lesion was randomly
selected, and the axons surrounding it were demyelinated by
a constant of 90%. Beside the number of lesions we also
varied the size of the lesions (same for all the lesions within
one experiment) by changing the number of demyelinated
neighbors. The result was very dependent on the positions
of the lesions and of the distribution of the connection
weights (chosen randomly) such that the system exhibited a
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Fig. 5. Time delay alone (no crosstalk and leakage) did not affect the phase
relation nor step amplitude as shown on Fig. 3.3, so that the functionality
of the walking was entirely preserved, however the latency to onset time of
the movement was delayed as shown here. Same conditions as in Fig. 3.

much richer repertoire of behavior than previously. We could
observe many different non-walking activation patterns from
which we show two examples in Fig. 7 that are obviously
not representative of all the situations we have encountered.
It should be noted that the effect of crosstalk was less
critical in the biological lesion since the probability that two
demyelinated axons are in the vicinity of each other is much
smaller then in the uniform lesion.

V. DISCUSSION

The most remarkable result of our model is its robustness.
It was very surprising to find that even with very high
demyelination levels, in the case of a uniform lesion for ex-
ample, the system’s behavior was perturbed only transiently.
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7 20
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Demyelination [%]
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Fig. 6. Non-walking states in the focal asymmetric lesion were observed
for certain demyelination percentages when the phase shift between limbs
dropped to zero (A) or the step size dropped to zero (B), same conditions
as in Fig. 3.
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Fig. 7. Examples of locomotion patterns following biological lesions
randomly distributed and affecting mostly larger axons. A, A non-walking
pattern where the mouse lifts his front and hind ipsilateral limbs simultane-
ously (the number of lesions is 16 and number of neighbors is 150). B, A
non-walking pattern where the oscillation is lost for only one limb (number
of lesions is 36 and number of neighbors is 70).

Thus, following a short transient phase of an unidentified gait
pattern the system would settle down in a walking cycle. We
believe that this is an intrinsic property of the dynamical
system of coupled CPGs, emphasizing a large parameter
space for the walking attractor limit cycle. Our model has
also met several biological and behavioral results such as
delayed onset of movement and shorter intervals of walking
behavior with increasing demyelination of medium-to-large
axons.

In addition, we could separate the individual contributions
of the two main effects following demyelination which are
axonal crosstalk and delay in conduction time. We found
that, in the case of a uniform lesion, delay did not perturb
the amplitudes of steps nor the phase relationships between
the activations of different legs, i.e., the walking cycle was
the same except for the later initiation. Depending on the
demyelination percentage, this would result in a mouse that
may manage to initiate the walking cycle on time and not
show any other deficit such as falling from a rotarod. This
is in agreement with behavioral clinical results stating that
latency changes were of little consequence to the patient in
terms of neurological function, preserving for example the
visual acuity in MS [1].

In the case of crosstalk and leakage, up to a certain point
demyelination made the phase between the front limbs in-
crease and the amplitude of steps decrease, which resulted in
a slower locomotion gait. We also observed a reversal of this
tendency following higher demyelination damage, however
this might be an artefact of our model due to the crosstalk
framework, that will probably disappear when taking into ac-
count the axonal loss that occurs in very high demyelination
percentages. The slowing of the locomotor gait means that
for the task of walking on a rotarod turning at a constant
speed, the mouse will have to increase the brainstem tonic
input signal to maintain walking. However we also found
that with higher tonic inputs that initiate faster walking gaits,
demyelination caused more frequent non-walking transients
by activating non-active limbs through crosstalk, stabilization
into non-walking locomotor patterns with several limbs not
touching the ground simultaneously or entered into a damped
walking cycle that led to a simultaneous contraction of all
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the limb muscles. We conclude that the speed of the rotarod
crucially affects the time the mouse can spend on it and needs
to be a controlled variable of the behavioral experiments.
Our model predicts that increasing the speed of the rotarod
will significantly decrease the time the mouse can spend on
it and this prediction could be easily verified by biological
experiments.

Our model also predicts that, in locomotion, the amount of
demyelination is less important than the location and distri-
bution of the lesion. Highly dependent on inner feedback, the
CPG model is mostly sensitive to temporal asymmetries in
the onset of the input signal of different legs. The amplitude
of the input signal is less critical since it governs the speed of
the walking gait. When all the channels were impaired equiv-
alently, the system settled in a walking gait, but asymmetries
in the lesion (e.g., an axon bundle more affected than the
others) were critical. We could show for example that non-
walking occurred with very low demyelination percentages
with the same brainstem tonic input that always produced
walking in the uniform lesion case. In addition, this would
explain the counterintuitive results in [8] that show a weak
correlation between demyelination and the time that the
mouse could stay on the rotarod (i.e., in some cases behavior
was worse with weaker demyelination). They concluded
that factors other than lesion load, and mainly the axonal
loss, contribute to neurological deficits. We believe that the
distribution of the lesion is a critical factor and that this
finding could possibly be explained by the fact that the more
the spinal cord is demyelinated, the more the lesion would
become symmetric leading to a lower behavioral deficit.

Finally the biological lesion had the most interesting
and wide repertoire of behavioral deficits. It is difficult to
directly relate the variety of non walking patterns we have
found to precise biological observations, however they could
provide an explanatory basis to the reduction of time that
the demyelinated mice are able to walk on a rotarod [8].
Ideally we would like to have access to more biological
results, such as for example patterns of EMG activity of
muscles of the limbs, against which we would be able to
validate our model, the data presented in [8] being rather
sparse. Finally, we believe that a simple, but complete neural
model of the demyelination function would possibly help us
to gain more understanding in some of the deficits following
demyelination and in a more broader sense MS, and to our
knowledge this is the first neural model of that kind. In this
paper for example, using a neural model of locomotion we
could show that the actual distribution of the lesions and
crosstalk are more damaging to behavior than the severity of
lesions and delay respectively.
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