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Abstract. Infrared neurostimulation (INS) is a new approach for modulation or control of neu-
ronal pulses. Recently, different studies have been presented to investigate the origin of gener-
ation of the action potentials during INS, and it seems that the photothermal mechanism has an
important role during INS. So, spatial and temporal temperature changes are important param-
eters, because the heating of neural tissue can excite or block the activity of neurons and an
excess deposit of thermal energy could damage the neural tissues. We aim to explore the effects
of heat diffusion during INS. We model the generation of action potential using the photothermal
mechanism to study the changes of electrical properties of the membrane of neural cell in the
earthworm (as a simple neuronal network) during INS. The variation of electrical properties of
the membrane causes the changes in the concentration of ions such as K™ and Na™ inside the
cells, which can originate the action potentials. This study includes three sections: (1) exploring
the effect of laser light properties (wavelength of 1450 and 1550 nm, repetition rate and energy
per pulse) on the measurement of temperature rise inside a phantom similar to neuronal tissue,
(2) theoretical modeling to predict the generation of action potentials induced by the local tem-
perature rise inside the neuronal network of earthworm, and (3) detecting the variation of voltage
of peripheral nervous system of the earthworm during INS. This modeling can help us to better
understanding the mechanism of the blocking and controlling the action potentials for in-vivo
applications in the brain cognitive studies and treatment of some neuron system diseases. © 2020
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.59.6.061627]
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1 Introduction

The stimulation or inhibitory neuronal activities have important roles in the detection or treat-
ment of certain neuron system diseases.' Recently, infrared (IR) light sources have been
applied to modulate the neuronal activities of the heart, cortex, and peripheral nervous system
(PNS) in in-vitro and in-vivo studies.>™®

In 2005, Wells et al. utilized laser (Holmium:YAG @ 2.12 um, radiant exposure of 0.3 to
1.2 J/cm? at repetition rate of 2 Hz) to stimulate the sciatic nerve in rat. They demonstrated a
new artifact-free modality for stimulation of neuron using pulsed IR laser. Also, they noted that
the spatial selectivity of infrared neurostimulation (INS), compared to electrical stimulation, pro-
vides a good opportunity for mapping and repairing PNS.” In 2010, Jenkins et al., for the first
time, applied pulsed laser light (wavelength of 1875 nm, pulse duration of 2 ms, and the radiant
exposure of 0.84 mJ/cm? per pulse) to demonstrate an optical pacing of a 2-day embryonic quail
heart.” They also modulated the heartbeat of rabbit (in vitro).® We have recently demonstrated the
control of the heartbeat of a rat in vivo.’ In 2018, Xia and Nyberg studied in vitro the effect of
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continuous-wave near-infrared (NIR) laser (wavelength of 1550 nm, laser power 2 to 111 mW,
and dose of 30 s) on neuronal activities of embryonic day 18 (E18) Sprague Dawley rat cortex.’

INS provides three advantages: (1) the contact-free delivery system, (2) high spatial preci-
sion, and (3) lack of stimulation artifacts. The experimental results show that INS can provide
fine spatial resolution, smaller than 0.4 mm, improving the selectivity of neural stimulations.”'°
The spatial resolution of INS is a function of the core size of delivery optical fiber, optical proper-
ties of biological tissue, the distribution of laser energy deposited, and consequently the local
temperature rise inside the tissue.'%!2

Although the whole mechanism of INS is not yet completely understood,® but based on the
results shown in the previous studies,”"!%' it seems that the mechanism of INS in the PNS can be
explained by photothermal mechanism.!'® Recent experimental and simulation studies show that
temperature rise can change membrane capacitance or the membrane ion permeability.'>!"'® For
example, INS can modulate cortical calcium dynamics or form short-live nanopores, which
change the capacitance of membrane. In 2017, Eom et al.'” studied the effects of gold nanorod
on activation of astrocyte cultures prepared from cerebral cortices of Sprague Dawley rat. They
indicated that local heat induces asymmetrical displacement of ions within the double layer on
both sides of the membrane leading to net charge displacement across the membrane (as an
activation of voltage-gated Ca’* channels).

Regardless of the origin of membrane changes (includes modulation calcium gate, formation
of nanopores, and variation of capacitance of membrane), the spatial and temporal variations in
temperature are the key parameters for INS. Thus, IR laser can excite or block the activity of the
neurons. In addition, extra deposited energy can potentially damage the neural targets.!>'%17 A
fast local temperature rise by the laser energy deposited can change the membrane capacitance, '*
which can generate the action potential.”?*->* In 2018, Plaksin et al.'” presented a theoretical
model, based on solution of electrostatic Boltzmann equation in a flat three-layer membrane, to
show that an intramembrane thermal-mechanical effect, wherein the membrane undergoes axial
narrowing and lateral expansion, predicts a thermal capacitance increase rate of ~0.3%/°C.
In 2018, Ebtehaj et al.>! developed the previous theoretical model'” to calculate the membrane
electrical capacitance. They modeled lipid bilayer membrane via a flat five-layer structure with
infinite lateral extension and finite thickness. They calculated a value of 0.37%/°C for the ther-
mally induced electrical capacitance increase rate.

The previous studies show the importance of heat distribution during INS. In 2013,
Liljemalm et al.'> applied COMSOL Multiphysics® Software to simulate the spatial and tem-
poral temperature distributions for INS of cortical cells in vitro (wavelength of 1550 nm and
radiant exposure of 5.2 J/cm?). We have analytically estimated the distribution of deposited
thermal energy inside aqua phantom, similar to human cortical tissue, induced by a train of the
IR laser pulses.'! Using these simulated temperature rises and based on temperature dependence
of membrane reported in vitro by Shapiro et al.'® and Plaksin et al.,'° one can estimate the alter-
ation in membrane capacitance, which starts the generation of action potentials. Using simple
and giant neuronal network, like earthworm, can help us to better understand the mechanism of
INS. The cerebral ganglion of the earthworm is connected to a ventral nerve cord that runs the
length of the body, allowing earthworms to move and respond to external stimuli.”> We recently
recorded optically the neuromuscular activity of earthworm via phase-sensitive measurement
while stimulating it optically using NIR laser (wavelength of 1550 nm; for frequency range of
3, 5.5, and 7 Hz; and duration time of 3, 5, 8, and 17 ms).22

Here, we study the generation of the action potentials in PNS of earthworm. To do it and based
on our results in the previous studies,”'” we combine the heat diffusion equation and Hodgkin—
Huxley (HH) axonal model to simulate how an action potential generates inside PNS of an earth-
worm. First, we experimentally measure the maximum temperature rise of an aqua phantom,
similar to the neuron tissue. These obtained results are applied to simulate how the action poten-
tials generate in PNS of the earthworm. Finally, we apply NIR lasers at wavelengths of 1450 and
1550 nm to modulate the neuronal activities of the earthworm. Hence, the novelties of this study
are (1) the usage of a combined thermal-neuronal approach to model the generation of the action
potential and (b) noncontact in-vivo NIR stimulation of earthworm that provides a complete theo-
retical INS model in an earthworm as a simple neuronal network. These results can be applied to
better understand the mechanism of INS in the complicated neuronal network systems.
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2 Theoretical Model and Experimental Setup

First, we consciously explain the thermal approach to simulate the generation of the action poten-
tials. Then, the experimental setup to measure the variation of voltage of PNS of earthworm is
explained.

2.1 Theoretical Model

We apply heat diffusion equation >* to simulate the heat distribution inside the body of earth-
worm:

oT 1
— =DV2T(r,t) + —S(r, 1), 1
= (1) + -8 1) (M

where T is the temperature, ¢ is the time, and r is the spatial coordinate to light propagation,
respectively. Here D is the heat conductivity, p is the tissue density, and Cp is the specific heat
capacity. The S indicates the heat source by laser energy deposited. For simple geometry, such as
semifinite'” and cylindrical shape,”* we can analytically solve Eq. (1). Here, we apply Green’s
function to solve Eq. (1). The results presented in Refs. 10 and 12 show that the penetration depth
of lasers with the wavelength less than 2.0 ym is submillimeter. Hence, we can easily find the
Green’s function for Eq. (1) (for semi-infinite geometry). The Green’s function is described as
satisfying the point source equation:*

oG(r,z,t;r', 7', ¢’ 1
(rz6r,2,t) =DV?G(r,z.t;r', 2 t") +——8(r—r")8(z —2')8(t — t'). 2)
ot PCP

By assuming V? = 0%/0r*> 4 1/rd/dr + 0% /0z* and applying Hankel transform on observation
point r in the previous equation, we have:

oG *G !
Trh - D< az2h - szh) - pGC Jo(kr')8(z = 2")8(t = 1'), G)

where G, is the Hankel transform of G:
G,=Gylk,z,5;1',7',1") = /oo G(r,z,t;1', 7', t")Jy(kr)rdr. (€))
0

Then we apply Fourier transform on z and obtain:

!

% +D(K2 + k)G = —\/z_ipcp To(kr')e'5(t — 1), 5)
where G is the Fourier transform of G,:
Gur =Gyplk ko tr', 2/ 1) = /0c>o G(k,z,t;r', 7', t")ei*dz. (6)
Lastly, Laplace transform on ¢ results in
[D(k2 +K*) +5]Gppy = ﬁ]o(kr’)eikfz/e_”’, (7)
where Gy is the Laplace transform of G,y:
G =Gpi(k, k31! 2 1) = /00<> G(k,z,t;r', 7/, t")e™sdt. 8)

Therefore, we get
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To obtain G, we can respectively apply Laplace, Fourier and Hankel transforms on previous
relation as follows:

! 4! /)2 20,12 /
G(r, o tr', 7z, 1") = r H(t ! ) . 6[4[‘7("’/)] e[_m(t—z’)] Iy [L/:l , (10)
V2mpCp2D(t — )] 4D(r—t")
where H(t —t’) is the Heaviside function and I is the modified Bessel function. The distribu-
tion of temperature inside the tissue can be estimated as

t
T(r, 1) :/ /G(r,z,t;r’,z’,t’)S(r’,t’)dt’dr’. (11)
0

We can numerically solve this integral to estimate the temperature rise inside the tissue. The local
temperature rise obtained by Eq. (11) can change the membrane capacitance as explained by
Shapiro et al.'® and Alemzadeh-Ansari et al.” This temperature dependency of membrane capaci-
tance affects the extracellular potentials. We assume that illuminating laser light has a Gaussian
profile, el=r'1o") /mo? and attenuates with distance z, according to e #«?, where y, is the absorp-
tion coefficient of the sample.'"'> Our numerical results based on Eq. (11) and other presented
results”®?” show that the temperature rise for IR pulses can be assumed as

{ ATG% 1< Tpulse

= o - , (12)
AT[q)eTl + (] - q))efzjl > Tpulse

where 71, 75, @, and ¢ can be estimated by experimental data and AT is the single pulse temper-
ature rise. The capacitive photothermal depolarization evoked by a single IR pulse can be esti-
mated using®®

- (B)\4T
AV~<cm> = (13)

where c,, is the cell membrane capacitance and f is a parameter related to membrane area

exposed to IR laser. Experimental results depicts that®?®
K
Cy = Co + 5—T . (14)

where ¢ is ~1.18 yF/cm? and k is ~2.2 uF/cm?.°C, and 8T is ~50 — T. Hence, temperature
dependence of cell membrane capacitance can be shown as follows:
dc K ¢
—" = ——"AV. 15
dt  6T* p (15)
The experimental results show that action potentials depict a threshold and a sudden rise in
membrane voltage and current.”® The total current through the membrane can be given as”

dv dc
I= — V-V)l=2). 16
() + (V=) (%) (16)
By using Eq. (15) and classical HH model,”*** we have
av
I:Cm E +gK(V_VK)+gNa(V_vNa)+gl(v_Vl)’ (17)

where gk, gna, and g; are potassium, sodium, and leakage conductance per unit area, respec-
tively. Here V¢ and Vy, are the reversal potential of potassium and sodium channels and V is
the reversal potential of leakage.
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2.2 Experimental Setup

The experimental procedure includes (1) measurement of temperature inside an aqua phantom
and (2) in-vivo stimulation of earthworm. First, the temperature rise of an aqua phantom by laser
deposited (wavelengths of 1450 and 1550 nm) is measured (the details of experimental setup
were shown in Ref. 10). These measured data are applied for simulating the generation of action
potentials based on modified Hodgkin—Huxley model (MHHM). In this modified model, we
consider the thermal variation of the membrane capacitance as stated in Eq. (15). The details
of this simulation were presented by Fribance et al.”’ and our group.’

Ten earthworms (diameter ~500 ym) are kept in a soil box with sufficient temperature and
humidity and oxygen. All animals participating in this study were cared for according to the ethic
committee of Shahid Beheshti University, Iran. This humidity is necessary since the external part
of the earthworm body secretes mucus over the cuticle to maintain the worm body moist and ease
its movement through soil.? In this study, we use a pulsed butterfly laser module (wavelengths
of 1450 and 1550 nm, IR-1550, Iran) that their energy and pulse duration can be adjusted up to
6 mJ/pulse and 18 ms, respectively. The laser pulse is delivered to worm via a 200-ym multi-
mode optical fiber [numerical aperture (NA) = 0.22]. The neuronal activities are measured
using an active electrode module (Byamed, Iran). Earthworm is placed in a foam-rubber cage
that (1) allows one to record electrophysiological signals and (2) prevents awake worms from
crawling away. Some pins were pushed through the rubber to record neural signal. Finally,
a transparent ruler covers the worm (see Fig. 1).

3 Results and Discussion

This study aims to present an algorithm from laser illumination to generate an action potential
based on photothermal mechanism. This process starts by heating the neural tissues, which
results in the variation of electrical properties of the neural cell membranes. So, we first simulate
the heating of biological phantom and study the effect of laser light properties on maximum
temperature rises. To do it, the temperature rise by laser energy (wavelengths of 1450 and
1550 nm, energy of 6 mJ, and repetition rate between 2 and 10 Hz) deposited inside a semi-
infinite tissue is estimated and compared with those data presented in previous studies.”!*!
It shows that the model can predict the temperature rise with maximum relative error of 20%.
In 2013, a numerical solution based on finite element method (via COMSOL) was presented to
simulate heating during INS,'? and in 2018 a similar work has been done to simulate the maxi-
mum temperature rise in a primary cortex slices from embryonic day 18 (E18) Sprague Dawley
rat cortex (wavelength of 1550 nm and the maximum temperature increase at the cell layer is

/ IR detector \

Foam-rubber
v
I

[ ]

Transparentl 1 l J J
ruler

3cm /

{ /

Active electrode JLEESY
module

Fig. 1 The cage keeping earthworm. The laser light is delivered to worm via a 200-um multimode

optical fiber. An IR amplified detector (PDA20H, Thorlabs) is used to trigger the active electrode
module.
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from 0.4°C at a laser power of 2 mW to 16°C at a laser power of 111 mW).? In the current study,
we apply an analytical solution based on the Green’s function, which could easily calculate
temperature rises. Schlett et al.,** in 2019, applied a laser light of 1470 nm (energy of 6 mJ
and repetition rate of 0.2 Hz) to stimulate the sciatic nerve of rat. They measured a temperature
rise of 6°C that is similar to our results.

The experimental results in Refs. 9 and 30 predict that a temperature rise less than 6°C,
induced by a train of IR pulse laser, can be a starting point to achieve INS. Using an analytical
method helps us to adjust the laser light parameters to achieve this temperature rise. We apply
phantom study to verify this hypothesis. So, the laser pulse is delivered to a distilled water-filled
Petri dish via a multimode optical fiber (core size = 200 pm, NA = 0.22), because the absorp-
tion coefficient of nerve tissue and water for spectrum 1400 to 1600 nm are similar.”'° Figure 2
depicts the variation of temperature versus the repetition rate of lasers. One can see that an
increase in the repetition rate increases the maximum of temperature of phantom. Results pre-
sented by Schlett et al.** show that in contrast to single-pulse stimulation, higher repetition rates
lead to cumulative temperature buildup, and data in Fig. 2 confirm this issue.

Figure 3 shows the effect of pulse duration on the temperature. These figures illustrate that a
wavelength of 1450 nm causes more heat inside the phantom. This is because the absorption
coefficient of neuronal tissue at this wavelength (corresponding to maximum of the strong water

44 |—®—A=1450 nm
- ®--1=1550 nm

Temperature rise (°C)

4 6
Repetition rate (Hz)

Fig. 2 Variation of temperature for two different wavelengths of 1450 and 1550 nm versus the
repetition rate. Pulse duration is 18 ms and energy per pulse for 1450 and 1550 nm are 5 and
6 md, respectively.

—a— 2-1450 nm
491 |- e--2=1550nm

Temperature rise (°C)

T T T T T T T T T T T T T T
8 0 12 14 16 18 20
Pulse width (ms)

o
N
Fg
o

Fig. 3 The effects of pulse duration on the temperature. The repetition rate is 9.5 Hz and energy
per pulse for 1450 and 1550 nm are 6 and 8 mJ, respectively.
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—=— 1=1450 nm }
- - -2=1550 nm /

Temperature rise ( °C)

0 1 2 3 4 5 6 7 8 9
Energy per pulse (mJ)

Fig. 4 The variation of temperature induced by different energy per pulse. Pulse duration is 18 ms
and repetition rate is 9.5 Hz.

band) is greater than the wavelength of 1550 nm. The impact of energy per pulse on the temper-
ature is shown in Fig. 4.

These results show that, for used laser parameters, the maximum temperatures reach 5.5°C.
These measurements are applied to predict the threshold temporal temperature required to ini-
tiate an action potential in earthworm. We simulate the generation of action potentials inside
axonal model of earthworm using MHHM.** The results are obtained during 20 ms after heat-
ing the tissue. Figure 5(a) depicts a sudden rise in the membrane voltage by a temperature rise of
5.4°C, as we expected.”’ Our results show that this action potential is propagated inside a typ-
ical axon of the earthworm. Figures 5(a) and 5(b) illustrate the membrane capacitance and total
current. These results confirm the possibility of generation of action potentials inside PNS of the
earthworm using NIR laser (wavelengths of 1550 and 1450 nm). Plaksin et al.'” predicted a
thermal capacitance increase rate of 0.30%/°C and Ebtehaj et al.,”! in 2018, theoretically illus-
trated that the mentioned increase is a function of pulse energy and it can be a value between
0.26% /°C and 0.65% /°C for pulses from 2.8 to 7.3 mJ, respectively. Our results approximately
show an increase rate less than 0.5%/°C for pulse energy less than 6 mJ that can be compatible
with those predictions by Ebtehaj et al.”!

Finally, the NIR laser light is applied to stimulate the nerve cord of the worm. We use an IR
detector to trigger the recording device. The electrical signal is measured by an accurate elec-
trophysiological system. The laser light (pulse duration of 18 ms and repetition rate of 0.5 Hz) is
guided to the worm via a multimode fiber. Figure 6 shows the variation of measured voltage after
three laser pulses (wavelength of 1450 nm). One can see that we use a low-level laser energy to
stimulate the PNS of the earthworm. To better understand the mechanism of INS, we have to
study the impact of laser parameters (laser energy, repetition rate, and pulse duration) on the
generation of action potential. The origination of action potentials need a threshold of laser
energy, so we change the laser energy from 1 to 6 mJ to find the threshold amount of energy.
We found that the energy around the 5 mJ is a good choice to originate action potential that this
amount of energy per pulse is predicted via simulation data, as presented in Fig. 5. Moreover, an
increase in pulse duration arises the measured voltage. Hence, we utilize pulse duration of 18 ms.

In addition, we apply 1550 nm laser light, but we cannot see a significant INS stimulation.
As explained in Ref. 9, the absorption coefficient at lambda of 1450 nm is three times larger than
lambda of 1550 nm, and so we require more radiant energy, which burns the worm. Recently,
Throckmorton et al.*! compared the INS efficiency using two wavelengths, 1450 and 1875 nm.
Their results indicate that A = 1450 nm needs lower energy to activate threshold activation as
compared to 4 = 1875 nm, whereas the 1875-nm light can activate deeper nerve fibers.’’

Here, we note that the rapid heat changes can initiate an activation process inside the neuron
tissue, but we need more studies to completely understand this process and the recent studies
suggest that the temperature rise can alter the membrane properties and ion channel kinetics.>'*
In previous investigations, we studied the effect of the axon diameter and global axon
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Fig. 5 The generation of action potential. (a) The temporal variation of extracellular voltage during
INS inside the neuronal system of earthworm. (b) The temporal variation of membrane capacitance
and (c) the variation of current during INS. The constant values applied in this simulation are
Ina = 120, g = 36, g, = 0.1 (m.mho/cm?), Vp, =110 mV, Vx =15mV, V, = -10.6 mV.*

temperature on threshold activation.” Our results show that small-diameter axon can activate at
low radiant energy, which are in agreement with those results presented by Lothet et al,>* Beier
et al.¥ in 2014 showed that 1870 nm laser light can form some short-live nanopores in the
plasma membrane allowing the influx of extracellular ions (via a temperature rise of 20°C).
It seems that the formation of nanopores can alter the membrane capacitance. Moen et al. devel-
oped a nonlinear imaging based on second harmonic generation to identify the membrane dis-
ruption in Chinese Hamster ovarian cells under the exposure of light of 1869 nm (0.6 to 5.1 mJ
and 0.5 to 4.0 ms). Their results indicated that there is very little membrane disruption in
response to IR stimulation in this cell type,*® whereas, Plaksin et al.'® and Farah et al.”” observed
that membrane effective capacitance and depolarizing displacement current are proportional to
temperature’s time derivative, dT'/dt, as we can conclude this point from Egs. (13)—(16). Here,
the presented hybrid model shows the effects of d7 /dt on changes of membrane capacitance and
generation of action potential as seen in Figs. 5 and 6.
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Fig. 6 Variation of measured voltage after laser pulse. The black line indicates the location of
onset laser irradiation (the repetition rate of laser is 2 Hz).

4 Conclusion

The exact mechanism of INS is unknown, whereas the temperature rise is a crucial parameter in
this process. Recent studies confirm this point that the membrane capacitance and displacement
current are modulated by temperature rises during INS. Therefore, this study was aimed to inves-
tigate the effect of photo-heating on the initiation of an action potential. We utilized MHHM to
explore how an action potential can initiate and propagate inside a typical axonal. Using this
simulation, we estimated the threshold temperature rise to generate an action potential. Based on
the simulated results and measuring the temperature rise of an aqua phantom, we could estimate
the appropriate laser light parameter such as laser energy per pulse, repetition rate, and pulse
width. Finally, we applied these results to optically in-vivo modulate neuronal activities of the
earthworm. It seems that these findings can be applied to present a better understanding of INS
opening new ways to neuronal modulation in the human studies.
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