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Action-potential-encoded optical second harmonic generation (SHG) has been recently proposed
for use in detecting the axonal damage in patients with demyelinating diseases. In this study, the
characterization of signal conduction along axons of two different levels of demyelination was
studied via a modified Hodgkin—Huxley model, because some types of demyelinating disease, i.e.,
primary progressive and secondary progressive multiple sclerosis, are difficult to be distinguished
by magnetic resonance imaging (MRI), we focused on the differences in signal conduction
between two different demyelinated axons, such as the first-level demyelination and the second-
level demyelination. The spatio-temporal distribution of action potentials along demyelinated
axons and conduction properties including the refractory period and frequency encoding in these
two patterns were investigated. The results showed that demyelination could induce the decrease
both in the amplitude of action potentials and the ability of frequency coding. Furthermore, the
signal conduction velocity in the second-level demyelination was about 21% slower than that in
the first-level demyelination. The refractory period in the second-level demyelination was about
32% longer than the first-level. Thus, detecting the signal conduction in demyelinated axons by
action-potential-encoded optical SHG could greatly improve the assessment of demyelinating
disorders to classify the patients. This technique also offers a potential fast and noninvasive
optical approach for monitoring membrane potential.

Keywords: First-level demyelination; second-level demyelination; demyelinated axons; optical
second harmonic generation; action potential.
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1. Introduction

Many optical imaging techniques, including two-
photon excitation fluorescence (TPEF), second
harmonic generation (SHG) and coherent anti-
Stokes Raman scattering (CARS), enable the
specific visualization of the processes related to the
neuronal activity.!™ In particular, SHG offers much
promise for detecting the transmembrane voltage
transients with high temporal and spatial resol-
ution.*® Dombeck et al. found that SHG technique
is better to record the action potential than TPEF
with the lipophilic styryl dye FM4-64.*° Nuriya
et al. carried out SHG imaging of membrane po-
tentials in axons and dendritic spines in cultured
hippocampal neurons to study the basic principles
of voltage propagation.®” Voltage abnormalities in
demyelinated axon have also been investigated by
numerical simulation. The numerical simulation is
usually based on the modified Hodgkin—Huxley
equations or Frankenhaeuser-Huxley equations.”'?
Shneider et al. proposed a model of action potential
sensitive SHG to describe the conduction of nerve
impulses along a nonmyelinated axon and a myeli-
nated axon.'®'* A number of studies showed that
action-potential-encoded optical SHG is gradually
used to examine the axonal damage in demyelinat-
ing disorders which are diagnosed mainly by mag-
netic resonance imaging (MRI) at present.'*'®
However, MRI is unavailable for distinguishing
some demyelinating disorders, such as primary
progressive multiple sclerosis (PPMS) and second-
ary progressive multiple sclerosis (SPMS).1726

In our earlier work, we had simulated the
demyelination of a nerve fiber by action-potential-
encoded optical SHG.'® Here, we extended this
approach to a further application to characterize
the conduction of pulses along partial demyelinated
axons with two types of severity. The models about
the first-level demyelination and the second-level
demyelination were built via modified Hodgkin—
Huxley equations and cable equations. We focused
on the differences in signal conduction between
these two models. And these two demyelinated
axons could be distinguished by studying the spatio-
temporal distribution of action potentials and con-
duction properties including the refractory period
and the frequency coding. Obtaining the properties
of signal conduction would be helpful to assess
the extent of demyelinating diseases by action-
potential-encoded optical SHG.

2. Methodology

In myelinated nerves, axon consists of Ranvier
nodes and internodes, as shown in Fig. 1(a). Action
potentials generate in the axon initial segment and
propagate along the axon from one node of Ranvier
to the next, known as saltatory conduction due to
the insulation of myelin. In this paper, we built two
demyelinated axon models as shown in Fig. 1(b).
According to the demyelinating diseases, such as
multiple sclerosis, there is much demyelination with
the development of the disease.?” % And consider-
ing that remyelination also occurred in demyeli-
nated lesions, the internodes would not only thin
but also become shorter than normal.?® For sim-
plicity, we regarded the first model as the axon of
the first-level demyelination as shown in Fig. 1(b)
(1) and the second model as the axon of the second-
level demyelination as shown in Fig. 1(b)(2).

In the section of Ranvier node, there are many
ion channels, notably sodium channels, potassium
channels and small part of other leak channels.’”
According to the modified myelinated HH model,
the membrane voltage across the Ranvier node can
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Fig. 1. Schematic of neurons (Not in scale). (a) A typical
neuron; (b) (1) An irregular demyelinated axon with two sep-
arated parts of demyelination and the myelin sheath in each
part was 0.3 um and 10% shorter than normal (regarded as the
first-level demyelination); (2) A uniformly demyelinated axon
with four successive internodal demyelination and the myelin
sheath was 0.25 um and 30% shorter than normal (regarded as
the second-level demyelination).
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be described as,”**
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where, V, is the transmembrane potential in the
Ranvier node, m, h and n are the relevant gating
variables. These gating variables are expressed as
functions of a; and 3, which are the opening rate
and closing rate of ion channels, respectively,'’-?%
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Herein, contrasting to the original model of
Hodgkin and Huxley, our model is based on a
temperature-dependent coefficient of Q;, = 2.2 for
T = 20°C.?” The opening and closing rates of ion
channels depend on membrane voltage and they are
also simultaneously influenced by temperature.”?%>"
In the section of internode, there is no appreci-
able ion current passing through the myelin sheath
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which is an electrical insulator. According to cable
model, the voltage difference across the myelin
sheath could be expressed as,'*?’

ky 9V, md® 9, V,
In(D/d) ot  4p 0x2 ky-In(D/d)’

()

For simplification, the demyelination would be
considered to decrease the numerical ratio between
the axonal diameter with myelin sheath and the
axonal diameter without myelin sheath. Then the
term k;/In(D/d) representing the myelin capaci-
tance per unit length would increase and the term
ky - In(D/d) representing the myelin resistance per
unit length would decrease. Thus, the dynamics and
properties of the membrane potentials would
change. Relative parameters in our model are col-
lected in Table 1.

In order to detect the dynamics and properties of
the membrane potentials in axons by SHG, a fast
optical probe, FM4-64, was assumed to be located
inside the neuron membrane. The SHG signal
intensity could be modulated linearly by electric
field and the relationship between SHG signal
intensity and electric field could be described
as, 1315

ISUG(B) = I3%C[1 + kE(1 - 0)]. (6)

Herein, ISHG is the SHG signal intensity as
action potentials passed while T SHG represents the
SHG signal intensity in resting potential. Set x =
7x 1072 m/mV, 6 = 0.26, when the membrane was
irradiated by an 800-nm laser.'* !4

Table 1. List of parameters of a normal myelinated axon model.

Parameter Description Value
D Axonal diameter with myelin sheath 15 pm [Refs. 14, 15]
Axonal diameter without myelin sheath 10 um [Refs. 14, 15]
L Length of the internode 2mm [Refs. 14, 15]
l Length of the Ranvier node 2.5 um [Refs. 14, 15]
C,, Membrane capacitance 1 x 1075F/cm? [Refs. 12, 13]
INa Conductance of sodium 120 mS/cm? [Refs. 9, 13]
I Conductance of potassium 36 mS/cm? [Refs. 9, 13]
ar Conductance of leakage 0.3mS/cm? [Refs. 9, 13]
Wa Battery voltage of sodium 115mV?
Vk Battery voltage of potassium —12mV’
%3 Battery voltage of leakage 10.6 mV?
p Specific resistance of the axoplasm 11082 - cm [Ref. 14]
m Sodium activation 0.05” [Initial value, Dimensionless]
h Sodium inactivation 0.6 [Initial value, Dimensionless]
n Potassium activation 0.32? [Initial value, Dimensionless]
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The electric field at the node of Ranvier could be
expressed as,”®

E(x,,t) = : (7)

where, ¢ is the thickness of the bilayer lipid
membrane.

Thus, from the Egs. (6) and (7), the relationship
between the differential SHG signal intensity
(ATSHG /T51G) and the membrane potential (V,(t))
is linear.

3. Results and Discussion

Some key characteristics of a normal action poten-
tial are listed in Table 2, including rising phase,
falling phase, spike width, amplitude and velocity.
These characteristics will help to assess the pro-
duction and conduction of action potential on
demyelinated axons. The duration of the rising
phase was about 0.17ms which was similar to
Carpio’s and Smit’s works.'**! Likewise, the spike

Table 2. The characteristics of a single normal action
potential.

Characteristics Our work Other researchers’ works
Rising phase (ms) 0.17 0.12-0.27"4!
Falling phase (ms) 0.85 0.75"*
0.78%

Spike width (ms) 0.56 0.62°
Amplitude (mV) 105.4 90-12014%2
Velocity (m/s) 50.6 503

e T " hode 4 .

,‘]':’!1&‘.4--"" i node 4 L L_ )

— First-level

"~ Normal demyelination

(a)

" Second-level
demyelination

width also fell in the range of 0.14 to 4 ms measured
by Bean et al.,** and the velocity fell in the normal
range of 10 to 60 m/s.*

3.1. Spatio-temporal characteristics
of action potentials conduction
along axons of the first-level
and second-level demyelination

Figure 2 shows the spatio-temporal distribution
of action potentials conducting along the different
axons. From Fig. 2(a), we could find that the
differential SHG signal intensity decreased in both
axons of the first-level and second-level demyelina-
tion, while it did not change in normal axon. Fur-
thermore, the signal intensity in node 6 could
increase again in the first-level demyelinated axon
for the normal myelin sheath at internodes 5 and 6.
While in the second-level demyelinated axon, the
signal intensity decreased uniformly in successive
internodes demyelination. A comparison of indi-
vidual waveforms developed at node 4 of these
axons is shown in Fig. 2(b). An important finding
was that the signal intensity in the second-level
demyelination had a relatively slowest rising slope
and a significant longest duration compared to that
in the first-level demyelination and normal axon.
These findings indicated that demyelination could
effectively decrease the amplitude, slow the rising
slope and prolong the duration of action potential.
Furthermore, the rising slope and the duration of
action potentials in the second-level demyelination
were smaller and longer than that the first-level one.

MNormal
10 = = = First-level demyelination
- = = Second-level demyelination

Time(ms)

(b)

Fig. 2. Spatio-temporal distribution of the differential SHG signal depending on action potential. (a) Action potentials from node 2
through node 12 in axons of normal, the first-level demyelination and the second-level demyelination; (b) Comparison of individual
waveforms developed in the node 4 in axons of normal, the first-level demyelination and the second-level demyelination.
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One reason may be that higher capacitance due to
the loss of the myelin sheath needs a greater time
constant which could result in an increased con-
duction delay.”® Another reason may be that its
lower resistance due to the loss of myelin sheath
leads to uniformly dissipated transmembrane cur-
rents over the demyelinated internode resulting in a
voltage attenuation in Ranvier node.’® Similar
results have been obtained by Shneider’s and Koles’
groups.'0-!4

To compare the difference in the velocity of the
membrane potential conduction along the first-level
and second-level demyelinated axons in more detail,
we tracked the peak of voltage from node 2 to
node 12, as presented in Fig. 3. The maximal vol-
tages in each node in normal axon were close
together with a uniform distribution, and the con-
duction velocity was about 50.6m/s while in the
first-level demyelinated axon, the amplitudes
decreased most in node 4 and node 8 with a shape
of undulation. It is worth noticing that the time lag
from node 2 to node 12 was more than three times
longer than the normal one and the conduction
velocity was about 15.6m/s. In the second-level
demyelinated axon, the amplitudes decreased most
in the middle nodes in demyelinated region. The
time lag was approximately four times longer than
normal axon and the conduction velocity was about
12.3m/s. As a result, the signal conduction velocity
in the second-level demyelination was about 21%
slower than the first-level one. Similar results were
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Fig. 3. The distribution of voltage peaks from node 2 to
node 12 in axons of normal, the first-level and second-level
demyelination.
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obtained by the group of Stephanova.*” In general,
it is more capable to acquire a higher potential level
when the myelin sheath is thicker. These results
also highlighted the importance of myelin sheath to
signal conduction.®® By observing the spatial and
temporal characteristics of action potential and
estimating the signal conduction velocity in central
nervous system neurons in patients, we might
compare the extent of demyelinating disease to
distinguish patients with primary progress and
secondary progress.

3.2. Conduction properties in axrons
of the first-level and second-level
demyelination

3.2.1.  The refractory period

To better evaluate the mechanisms of demyelination,
we study the refractory period besides the action-
potential amplitude and conduction velocity.
Figure 4 illustrated the comparison of refractory
period between normal axon, the first-level and
second-level of demyelinated axons. In the normal
axon, when the interval of pulses was less than 1.8 ms,
there was almost no action potential at node 12
to respond to the second stimulus. Whereas, when
the interval of pulses was 1.8 ms, even larger, the
action potential at node 12 could be developed to
respond to the second stimulus. By the same token,
in the first-level and second-level demyelinated
axon, when the interval of pulses was greater than

Time (ms)

Second-level
demyelination

First-level
demyelination

Normal

Fig. 4. The refractory periods of axons of normal, the first-
level and second-level demyelination.
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or equal to 3.8 and 5.6 ms, respectively, the action
potential at node 12 could be developed. In other
words, the refractory period of the second-level
demyelination could be up to 32% longer than the
first-level one. The groups of Felts and Quandt also
found that demyelination could induce an extended
refractory period.'?*% One reason may be that first
pulse conducting slowly through the demyelination
region avoided the second pulse following behind
closely.'? Therefore, checking on the refractory
period might be an alternative useful method for
distinguishing the patients with similar -clinic
symptoms of demyelinating diseases, such as PPMS
and SPMS.
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3.2.2.

One of the fundamental properties of a neuron is to
allow stimulus signals to be encoded into the firing
frequency of neurons. In order to investigate the
ability of frequency encoding in the first-level and
second-level of demyelinated axons, we applied a
train of suprathreshold stimuli to the axons at the
first node. Figure 5 depicted the spike frequency
accommodation at node 12 by action-potential-
encoded optical SHG in the same stimulus fre-
quency. Over the same period of 50ms, total
amount of visual action potential in the first-level
demyelinated axon was 8 which could be almost
one-third more than that the second-level one, see

Frequency encoding

12 4 T=20C

1L -~

2 T T T T T T T T T T 1
0 10 20 30 40 50
Time(ms)

(b)

12 - T=30C

]
T

A JEHG [ ] SG
@
T

2 L 1 1 1 1 1
0 10 20 30 40 50

Time(ms)

(d)

Fig. 5. Spike frequency accommodation at node 2 by action-potential-encoded SHG in the same stimulus frequency. (a) An axon of
the first-level demyelination; (b) A axon of the second-level demyelination; (c) A normal nerve axon; (d) A normal nerve axon with a
higher temperature of 30°C.
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Figs. 5(a) and 5(b), while the total amount of
visual action potential in normal axon could be as
large as 19, as depicted in Fig. 5(c). In addition,
Fig. 5(d) showed the spike frequency accommo-
dation at a higher temperature of 30°C in normal
axon, 25 spikes were counted. In other words, the
ability to conduct repetitive impulses in demyeli-
nated neuron was decreased. Moreover, this ability
in the second-level demyelination was even weaker
than the first-level demyelination. However, it
would be even stronger when the temperature
increased in a proper range. An important cause
for this critical behavior was the prolonged action-
potential duration and the refractory period in
demyelinated region as mentioned above. Then
depolarization was counteracted by hyperpolariz-
ation that did not satisfy the threshold voltage,
therefore, it could filter some following closed
pulses.?”** Thus, detecting the frequency encoding
by the sensitive optical SHG technology could
greatly improve the assessment of demyelinating
disorders rapidly.

4. Conclusions

Signal conduction properties in the first-level
demyelinated axon and the second-level demyeli-
nated axon were investigated by action-potential-
encoded optical SHG. We found that demyelination
could induce less amplitude, slower rising depolar-
ization and longer duration of action potential.
Furthermore, the velocity in axon of the second-
level demyelination was about 21% slower than that
in first-level one. And in the second-level demyeli-
nation, the ability to conduct repetitive impulses
was weaker and the refractory period was prolonged
to about 32% than that for the first-level demyeli-
nation. In conclusion, primary progress and sec-
ondary progress of demyelinating diseases with
similar clinic symptoms might be distinguished by
investigating the spatio-temporal distribution of
action potentials and the conduction properties in
demyelinated axons by action-potential-encoded
SHG. This technique could be a potential tool
for monitoring membrane potential and helps to
improve the understanding and assessment of
demyelinating disorders.
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