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ABSTRACT Over the past decade, optical methods have emerged for modulating brain functions as an alternative to electrical
stimulation. Among various optical techniques, infrared neural stimulation has been effective via a thermal mechanism enabling
focused and noninvasive stimulation without any genetic manipulation, but it results in bulk heating of neural tissue. Recently, it
has been shown that neural cells can be activated more efficiently by pulsed near-infrared (NIR) light delivered to gold nanorods
(GNRs) near the neural cells. Despite its potential, however, the biophysical mechanism underlying this GNR-enhanced NIR
stimulation has not been clearly explained yet. Here, we propose an integrative and quantitative model to elucidate the mech-
anism by modeling heat generated from interaction between NIR light and GNRs, the temperature-dependent ion channels
(transient receptor potential vanilloid 1; TRPV1) in the neuronal membrane, and a heat-induced capacitive current through
the membrane. Our results show that NIR pulses induce abrupt temperature elevation near the neuronal membrane and
lead to both the TRPV1-channel and capacitive currents. Both current sources synergistically increase the membrane potential
and elicit an action potential, and which mechanism is dominant depends on conditions such as the laser pulse duration and
TRPV1 channel density. Although the TRPV1 mechanism dominates in most cases we tested, the capacitive current makes
a larger contribution when a very short laser pulse is illuminated on neural cells with relatively low TRPV1 channel densities.
INTRODUCTION
Optical techniques to modulate the activity of nervous sys-
tems have gained increasing attention in neuroscience re-
searches and clinical fields (1–6). Compared to traditional
electrical means, the optical approaches are relatively free
from invasiveness-oriented issues and spatial dispersion of
the electric current. Among the optical methods, infrared
neural stimulation (INS) employs transient and localized
heating mechanisms without any genetic manipulation
(3,6). Recently, combination of INS with plasmonic gold
nanoparticles has been shown to more efficiently modulate
the neuronal membrane potential to initiate an action poten-
tial in neuron or to evoke cortically controlled motor
behaviors (7–13). Contrary to previous INS that uses no
nanomaterials, the plasmonic nanoparticle-mediated neural
stimulation approach significantly reduced the radiant expo-
sure required for neural activation and allowed us to substi-
tute near-infrared light for infrared light that is mainly
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absorbed by water, minimizing a chance of possible tissue
damage caused by bulk tissue heating (7–9).

Since the INS method was introduced approximately a
decade ago (3,6,14), growing evidence has shown that tissue
temperature elevation is critical for triggering the neural
activation (11,15–18). Specifically, it was found that pulsed
infrared light rapidly increases the temperature adjacent
to the neuronal membrane and elevates the membrane
capacitance, thus inducing a capacitive current through the
membrane without any specific ion channels being involved
(16–18). Shapiro et al. theoretically and experimentally
proved that the electrical capacitance elevation in the
neuronal membrane could evoke an action potential by
depolarizing the target cell in a reversible way (16).
Another hypothesis has been proposed based on the activa-
tion of temperature-sensitive ion channels. Pharmacological
studies have shown that transient receptor potential vanil-
loid 4 (TRPV4) and TRPV1 channels are responsible for
the laser-evoked response in sensory neurons and primary
cultured neurons, respectively (11,19).

Despite those studies regarding the biophysical mecha-
nism underlying INS (9,11), no quantitative analysis has
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been carried out to investigate the effects of the capacitive
current and TRPV1 channels at the same time, especially
for the recently tested, more efficient, gold-nanoparticle-
enhanced near-infrared neural stimulation (NINS) (7–10).
In this work, we theoretically investigate the two primary
mechanisms in an integrative and quantitative manner.
From laser exposure to a change in the membrane potential,
amathematicalmodel is developed to simulate howheat gen-
eration by plasmonic nanoparticles initiates neural depolari-
zation. In-depth understanding of synergetic effects of the
two mechanisms on neural activation will be essential for
advancing the emerging plasmonic NINS technology into
robust clinical techniques and neuroscience research tools.
MATERIALS AND METHODS

Theoretical overview

Based on the previously but separately studied hypotheses (9,11,16), we

modeled both the capacitive and TRPV1 currents flowing through a

neuronal cell membrane induced by interaction between gold nanorods

(GNRs) and near-infrared (NIR) light illumination, as illustrated in

Fig. 1. When an NIR light wave is incident to GNRs, its energy is greatly

absorbed to GNRs via localized surface plasmon resonance (LSPR). The

absorbed energy is converted into a thermal heat, and the heat diffuses to

the neuronal membrane. A rapid elevation in the membrane temperature

(T(t)) causes ion displacement near the membrane, which leads to an equiv-

alent electric current called capacitive current (Icap(T(t))), as well as cation

influx through the TRPV1 channel (ITRPV1(T(t))) (all the currents in this

manuscript are in units of ampere per unit area). Both factors affect the

membrane potential and the voltage-gated ion channels, finally generating

an action potential. We intend to use this model to simulate how local heat-

ing obtained from GNRs evokes a neural activation and to understand how

individual current sources play a role in a synergistic way.
Heat generation by NIR illumination on GNRs

First, we modeled laser-induced heat generation in a GNR and its subse-

quent diffusion to the membrane. When an electromagnetic wave is inci-
FIGURE 1 Illustration of the GNR-enhanced NINS model. Localized

thermal heat generated by GNRs diffuses to the neuronal membrane.

A transient temperature increase elicits both inward capacitive current

and inward TRPV1 channel current and changes the membrane potential,

finally triggering an action potential.
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dent to a GNR with the frequency that matches the resonance frequency

of the plasmonic field, the GNR absorbs the electromagnetic fields within

the absorptive cross-sectional area (20). The cross-sectional area was calcu-

lated using the Gans theory (21,22) (see Supporting Materials and Methods

for details). The Gans theory extends Mie’s theory to spheroidal nanopar-

ticles (21) and models longitudinal surface plasmon resonance of a GNR

by assuming the cylindrical GNR as a spheroid (22). The absorbed electro-

magnetic fields are then converted into thermal heat (QGNR, in the energy

per unit time per unit volume, Eq. 1) (23):

QGNR ¼ CabsIlaser
vp

; (1)

where Cabs is the absorptive cross-sectional area of a GNR (m2), Ilaser is the

laser intensity (W , m–2), and vp is the volume of a GNR (m–3) (23).

For simplicity, we assumed a monolayer of GNRs parallel to the neuronal

membrane with a constant distance (see Table 2 for specific values used in

numerical calculation) so that the heat generated from GNRs can be consid-

ered to diffuse one-dimensionally. Then, the temperature profile at the

neuronal membrane can be computed by using a one-dimensional heat

diffusion equation:

1

a

vT

vt
¼ v2T

vx2
þ cQGNR

k
; (2)

where a is the thermal diffusivity of cerebrospinal fluid (1.48 �
10�7 (m2 , s�1)); k is the thermal conductivity of cerebrospinal fluid

(0.57 (W , m�1 , K�1)), the external heat source of QGNR; x is the distance

from the GNR monolayer (m); t is the time (s); T(x, t) is the temperature

(K); and c is the ‘‘coverage’’ of GNRs in the monolayer (unitless) (see Sup-

porting Materials and Methods). We will denote the temperature at the

membrane, T(x¼ (the distance), t), simply by T(t) in the following sections.

We used the analytic solution (9) to calculate temperature changes, DT(t).

To validate our modeling at every step, we tested whether the analytic so-

lution properly provides heat diffusion profiles. As shown in the example of

Fig. 2, the temperature decays as the distance increases, implying that the

heat generated from the GNR sheet flows toward the neuronal membrane.
TRPV1 channel current

Thermosensation is commonly achieved by the thermotransient receptor

potentials, a subset of ion channels activated by temperature. Among

them, the heat-sensitive TRPV1 channel is gated (half of the maximal

channel current occurs) when the temperature exceeds 43�C (24) and al-

lows cations to pass through the channel. Because this channel exhibits

high divalent selectivity, its gating produces a significant flux of Ca2þ

ions. The TRPV1 channel is generally expressed in peripheral nerve end-

ings, dorsal root ganglions (DRG), the spinal cord, and the central nervous

system (25,26). It has been reported that local heat artificially generated by

neuronal-membrane-targeted GNRs triggers the activation of TRPV1

channel in the DRG cell and evokes high Ca2þ influx (11). Hence, it

is reasonable to assume that the GNR-enhanced NINS is attributed, at

least partially, to the TRPV1-channel-oriented current flow through the

membrane.

According to the previous research (27), the TRPV1 channel current can

be depicted as a function of the linear conductance multiplied by the Boltz-

mann activation term:

ITRPV1ðTðtÞÞ ¼ GTRPV1ðVmðtÞ � ETRPV1Þ

� 1

1þ exp

�
�ðV1=2�VmðtÞÞ

RTðtÞ
zF

�; (3)



a b

FIGURE 2 Examples of the temperature profile

(a) as a function of the distance for various time

points and (b) as a function of the time for various

distances. For this example, we used a laser pulse

duration of 0.5 ms and intensity of 519 W , cm–2.

To see this figure in color, go online.
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where GTRPV1 is the conductance of TRPV1 channel per unit area (S , m–2),

ETRPV1 is the reversal potential of TRPV1 channel (V),V1/2 is the potential for

half maximal activation (V), z is the effective gating charge, R is the gas con-

stant (J ,mol�1 ,K�1), andF is the Faraday constant (C ,mol�1). We deter-

mined the value ofGTRPV1 and the equation of V1/2 from the data presented in

the previous publication and used the z-value as determined in the study (28).

The reversal (or equilibrium) potential of nonselective cationTRPV1 channel

(ETRPV1 was calculated using the Goldman equation (see the Supporting

Materials andMethods).As an in-step validation,wecheckedwhether our im-

plemented model provided the well-known characteristics of TRPV1 chan-

nels. As can be seen in the example of Fig. 3, the TRPV1 channel current at

themembrane potential of�65mVshows the temperature-dependent charac-

teristic, at which it reaches half of its maximal current value (maximum:

�0.16 A , m–2), when the temperature is increased to �43�C (29).
Capacitive current

It was found that localized heat near the neuronal membrane alters the ion

concentration profiles asymmetrically (17). Because of the asymmetrical

charge movements in the intracellular and extracellular media, a net ion

displacement occurs near the lipid bilayer. This is called capacitive current.

A membrane potential change due to this capacitive current may also play

an important role in GNR-enhanced NINS (9). The capacitive current

(Icap(T(t))) across the lipid bilayer can be expressed by the time derivative

of the lipid bilayer charge. The charge can be obtained from the electric po-

tentials at the outer and inner surfaces of the lipid bilayer (F3(T(t)) and

F2(T(t)), respectively) and the lipid bilayer capacitance (Cbi(T)) (Fig. 4).
ICapðTðtÞÞ ¼ d½ðF3ðTðtÞÞ � F2ðTðtÞÞÞ � CbiðTðtÞÞ�
dt

¼ CbiðTðtÞÞ dðF3ðTðtÞÞ � F2ðTðtÞÞÞ
dt

þðF3ðTðtÞÞ � F2ðTðtÞÞÞ dCbiðTðtÞÞ
dT

dTðtÞ
dt

(4)
To obtain F3(T(t)) and F2(T(t)), we used the Gouy-Chapman-Stern

(GCS) theory, elucidating the ion distribution along the electrical double

layer, to model the cell membrane as illustrated in Fig. 4 (16,30,31). Elec-

trostatic forces exerted between ions in the electrolyte and the intrinsic sur-

face membrane charges (si, so) distribute the ions at the medium, creating

diffuse layers (regions (b, d)) and Stern layers (regions (a, e)) in the intra-

and extracellular matrix. In the diffuse layers, ions are distributed by the

electrical forces originating from the charged surface and the random ther-

mal motion (regions a and e), whereas in the Stern layers, ions reside at the

innermost layer to the charged surface (regions b and d). Such electrical
double layers will be created on both sides of the cell membrane (32).

Coupled equations of the surface potentials at the outer and inner surfaces

of the lipid bilayers were derived as follows (16).

Upon presence of the negatively charged lipid bilayer, ions are distrib-

uted in the diffuse layers by the Boltzmann’s distribution (regions (a, e)):

cjiðxaÞ
cjiðxbÞ

¼ exp

�
� zjiF½FðxaÞ � FðxbÞ�

RT

�
;
�
xa=b < � dbi

�

cjoðxaÞ
�

zjoF½FðxaÞ � FðxbÞ�
� � �
cjoðxbÞ
¼ exp �

RT
; xa=b > 0

where, cji=oðxÞ is the j-th ion concentration at the inner/outer region x, zji=o is
the valence of the j-th ion at the inner/outer region, F is the faraday con-
stant, R is the gas constant, and T represents the temperature. We included

Naþ, Kþ, Cl�, and Ca2þ ions (i.e., j¼ 1, 2,...n¼ 4) and applied Gauss’s law

for regions (a) and (e).

Region (e):

d2FðxÞ
dx2

¼ �roðxÞ
ε

;where roðxÞ ¼
Xn
j

cjoðxÞzjoF

j j

 
zjoF½FðxÞ � 0�

!

coðxÞ¼ coðNÞexp �

RT
; where lim

x/N
FðxÞ¼ 0
d2FðxÞ F Xn �
zj FFðxÞ�
dx2
¼ �

ε
j¼ 1

zjoc
j
oðNÞexp � o

RT
(5)

Region (a):

d2FðxÞ
dx2

¼ �riðxÞ
ε

;where riðxÞ ¼
Xn
j

cjiðxÞzjiF
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FIGURE 3 Temperature dependence of the TRPV1 channel current at the

membrane potential of �65 mV.
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j

!

c j
i ðxÞ ¼c j

i ð�NÞexp � zi F½FðxÞ � Vm�
RT

; where lim
x/�N

FðxÞ

¼ Vm

d2FðxÞ F Xn j j

�
zjiF½FðxÞ � Vm�

�

dx2

¼ �
ε

j¼ 1

zicið�NÞexp �
RT

(6)

Using a formula ðd2FðxÞ=dx2Þ ¼ ð1=2Þðd=dFðxÞÞðdFðxÞ=dxÞ2 and inte-
grating Eqs. 5 and 6 with respect to FðxÞ led to Eqs. 7 and 8.
a b c d e
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�
dFðxÞ
dx

�2

¼ 2RT

ε

Xn
j¼ 1

cjoðNÞ

�
�
exp

�
� zjoFFðxÞ

RT

�
� 1

�
; ðx > 0Þ

(7)

�
dFðxÞ�2

2RTXn

dx

¼
ε

j¼ 1

cjið�NÞ

�
�
exp

�
� zjiF½FðxÞ � Vm�

RT

�
� 1

�
;ðx<�dbiÞ

(8)

The electric fields at x¼ 0 and�dbi must satisfy the boundary conditions

below.

x ¼ 0

� þ�  � ��!

�ε

s
o

dF 0j
dx

� � εbi

dF 0j
dx

¼ so (9)

x ¼ �dbi
dF
��d jþ�  

dF
��d j��!
�εbi

bi

dx
� � ε

s
i

bi

dx
¼ si (10)

The electric flux density (D ¼ εE) is constant within a medium with no

free charge. Because there is no free charge in the outer Stern layer and the

lipid bilayer, we obtained
FIGURE 4 A model illustrating the potential (F)

across the cell membrane. The intra- and the extra-

cellular media are separated by the lipid bilayer

(region c) having the thickness dbi, the permittivity

εbi, the inner intrinsic surface membrane charge si,

and the outer intrinsic surface membrane charge

so. The inner (region b) and the outer (region d)

Stern layers that reside next to the membrane

have the thickness dsi=o and the permittivity ε
s
i=o

(i and o represent inner and outer). The inner (re-

gion a) and outer (region e) diffuse layers are

located next to the Stern layer. To see this figure

in color, go online.
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ε
s
o

dF
�
0jþ�
dx

¼ ε
s
o

dF
�
dsoj�

�
dx

dF
�
0j�� dF

��dbijþ
�

Fð0Þ � Fð�dbiÞ

εbi

dx
¼ εbi

dx
¼ εbi

0� ð�dbiÞ :

Also, the electric flux density is constant across a boundary with no free

surface charges. Because there is no free charge at the boundary between

the outer Stern layer and the outer electrolyte, we obtained

ε
s
o

dF
�
dsoj�

�
dx

¼ ε

dF
�
dsojþ

�
dx

by plugging the above three equations into Eq. 9:
dF
�
0jþ�
dx

¼ � 1

ε
s
o

 
so � εbi

dF
�
0j��
dx

!

dF
�
0jþ� dF

�
dsoj�

�
1
 

dF
�
0j��!
dx
¼

dx
¼ �

ε
s
o

so � εbi
dx

¼ ε

ε
s
o

dF
�
dsojþ

�
dx

dF
�
dsojþ

�
1
 

dF
�
0j��!
dx
¼ �

ε

so � εbi
dx

dF
�
dsojþ

�
1
�

Fð�dbiÞ � Fð0Þ�

r

dx
¼ �

ε

so þ εbi
dbi

: (11)

Similarly, the inner Stern layer has no free charge:� � � �

ε
s
i

dF � dbi � dsi jþ
dx

¼ ε
s
i

dF �dbij�
dx

:

And there is no free surface charge at the boundary between the inner

Stern layer and the inner electrolyte:

ε
s
i

dF
�� dbi � dsi jþ

�
dx

¼ ε

dF
�� dbi � dsi j�

�
dx

:

By plugging the above two equations into Eq. 10, we obtained

dF
��dbij�

�
dx

¼ 1

ε
s
i

 
si þ εbi

dF
��dbijþ

�
dx

!

dFs
��d j�� dF

�� d � dsjþ�
i bi

dx
¼ bi i

dx

¼ 1

ε
s
i

 
si þ εbi

dF
��dbijþ

�
dx

!

¼ ε

ε
s
i

dF
�� dbi � dsi j�

�
dx
�
s ��  � þ�!
dF � dbi � di j
dx

¼ 1

ε

si þ εbi

dF �dbij
dx

dF
�� d � dsj�� 1

�
Fð�d Þ � Fð0Þ�
r
bi i

dx
¼

ε

si � εbi
bi

dbi
: (12)

Introducing Eqs. 11 and 12 into Eqs. 7 and 8, respectively, leads to

Eqs. 13 and 14.�
so þ εbi

dbi
ðFð�dbiÞ � Fð0ÞÞ

�2

¼ 2εRT
Xn
j

cjoðNÞ
�
exp

�
� zjoFF

�
dso
�

RT

�
� 1

�
(13)

�
εbi

�2 Xn
j

si �
dbi

ðFð�dbiÞ � Fð0ÞÞ ¼ 2εRT
j

cið�NÞ

�
 
exp

 
� zjiF

�
F
�� dbi � dsi

�� Vm

�
RT

!
� 1

!

(14)

The potential drop at the outer and inner Stern layers can be simply ex-

pressed as Eqs. 15 and 16.

Fð0Þ � F
�
dso
� ¼ �dFs

oðxÞ
dx

����
x¼ 0jþor dsoj�

� dso

s
 

dF
�
0j��! s �
¼ do
ε
s
o

so � εbi
bi

dx
¼ do
ε
s
o

so þ εbi

dbi

� ðFð�dbiÞ � Fð0ÞÞ
�

�
s
� dso

�
εbi

�

Fð0Þ � F do ¼

ε
s
o

so þ
dbi

ðFð�dbiÞ � Fð0ÞÞ (15)

� � dFðxÞ ��

Fð�dbiÞ � F � dbi � dsi ¼

dx
��
x¼�dbi�dsi jþor�dbij�

� dsi

 � þ�! s �

¼ 1

ε
s
i

si þ εbi

dF �dj
dx

¼ di
ε
s
i

si � εbi

dbi

� ðFð�dbiÞ � Fð0ÞÞ
�

� � ds
�

εbi

Fð�dbiÞ � F � dbi � dsi ¼ i

ε
s
i

si �
dbi

� ðFð�dbiÞ � Fð0ÞÞ
�
(16)
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The thickness of Stern layers ðdso; dsi Þ were derived as Eqs. 17 and 18.

dso ¼ dlipido þ
Pn

j¼ 1r
j
o

h
cjoðNÞexp

	
� zjoF

RT

�
F
�
dso
��
i

Pn
j¼ 1c

j
oðNÞexp

	
� z

j
oF
RT

�
F
�
dso
��
 (17)

dsi ¼ d
lipid
i

þ
Pn

j¼ 1r
j
i

h
cjið�NÞexp

	
� zj

i
F

RT

�
F
�� dbi � dsi

�� Vm

�
i
Pn

j¼ 1c
j
ið�NÞexp

	
� z

j
i
F

RT

�
F
�� dbi � dsi

�� Vm

�

(18)

In consequence, we obtained four coupled equations (Eqs. 13, 14, 15,

and 16) for four unknowns (Fð� dbi � dsi Þ ¼ F1, F(�dbi) ¼ F2, F(0) ¼
F3, and FðdsoÞ ¼ F4), so we can find the unknowns by numerically solving

the coupled equations. By plugging a time course of the temperature ob-

tained by Eq. 2 into these coupled equations, time-course changes in F1,

F2, F3, and F4 were found. Then, they were plugged into Eq. 4 to obtain

a time course of the capacitive current.

It was reported that a transient temperature change may affect the

morphology of the lipid bilayer as it undergoes axial shrinkage and lateral
a b
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expansion. Because of this structural change, the capacitance of the lipid

bilayer can change, leading to an additional capacitive current (33). For

this reason, we empirically deduced the temperature dependence of our lipid

bilayer capacitance from Shapiro et al.’s experimental data, which had

described a temperature transient and its corresponding current response

(16) (see the Supporting Materials and Methods for details). Overall, we

simulated the capacitive current by taking all the potentials at the outer

and inner surfaces of the lipid bilayer, the temperature-dependent lipid

bilayer capacitance, and the time course of temperature into consideration.

To confirm our implemented model for the capacitive current, we

checked what the current looks like under a simulated voltage clamp con-

dition with both Shapiro’s experimental temperature data (bulk IR heating)

(16) and our numerical temperature data (local NIR GNR heating). The ex-

amples presented in Fig. 5 show that our simulated capacitive currents

approximately follow dT=dt, and especially the one simulated from the

Shapiro’s experimental data is very close to their experimentally measured

capacitive current (Fig. S2), combinedly supporting the validity of our im-

plemented code.
Neuronal membrane modeling

Our neuronal membrane was modeled based on the classical Hodgkin-Hux-

ley (HH) model (34). The HH model describes the neuronal membrane by
FIGURE 5 Examples of temperature changes, its

time derivatives, and the resulting capacitive current.

The capacitive currents were simulated under the

voltage-clamp condition at the holding potential of

0.2 (V) with the temperature data previously reported

by Shapiro et al. (16) (a), or with temperature data

obtained by our model for GNR heating (b) (laser in-

tensity: 519 W , cm�2; laser duration: 0.5 ms; GNR

coverage: 0.031; GNR distance: 100 nm; TRPV1

channel conductance: 2.1 S , m�2; see Table 2 for

details of parameters). To see this figure in color,

go online.
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an electric circuit involving a lipid bilayer, voltage-dependent sodium and

potassium channels, and a leakage pathway to show how the membrane po-

tential behaves to generate an action potential. In this study, the classical

HH model was modified by adding the TRPV1 channel current and

capacitive current to include the temperature dependence of the neuronal

membrane.

As in Fig. 6, the TRPV1 channel was added to the classical HH model by

connecting the conductance (GTRPV1(T(t))) and the voltage source (ETRPV1)

to the original circuit in parallel. The current direction was defined as being

positive when it flows from the exterior to the interior of the membrane. In

addition, the capacitive current reflecting the temperature change-induced

ion displacement was introduced as a displacement current through the

capacitor. When the TRPV1 channel current and the capacitive current are

combined to the classical HH model, it leads to a set of coupled equations:

ICapðTðtÞÞ þ ITRPV1ðTðtÞÞ þ INaþ þ IKþ þ ILeak ¼ 0;

INaþ ¼ GNaþð0þ ENaþ � VmÞ ¼ �GNaþðVmðtÞ � ENaþÞ;
IKþ ¼ GKþð0þ EKþ � VmÞ ¼ �GKþðVmðtÞ � EKþÞ;
Ileak ¼ Gleakð0þ Eleak � VmÞ ¼ �GleakðVmðtÞ � EleakÞ;
and

�ICapðTðtÞÞ þ ITRPV1ðTðtÞÞ þ GNaþðVmðtÞ � ENaþÞ
þ GKþðVmðtÞ � EKþÞ þ GleakðVmðtÞ � EleakÞ
¼ 0; (19)
GTRPV1ðVmðtÞ � ETRPV1Þ � 1

1þ exp

�
�
�
V

þGNaþmðtÞ3hðtÞðVmðtÞ � ENaþÞ þ GLeakðVm

�d½ðF3ðTðtÞÞ �F2ðTðtÞÞÞ � CbiðTðtÞÞ�
dt

¼

where ENaþ is the reversal potential for Naþ channels (61.4 mV), EKþ is the

reversal potential for Kþ channels (�79.9 mV), ELeak is the reversal poten-

tial for the leak current pathway (�54.4 mV) (35), GNaþ is the conductance

for Naþ channels (S , m�2), GKþ is the conductance for Kþ channels

(S , m�2), and GLeak is the conductance for the leak current pathway

(S ,m�2). The reversal potentials for Naþ and Kþ channels were calculated

by using the Nernst equation. The values used in our modified HH model

and the equations for Naþ and Kþ conductances can be found in the

Supporting Materials and Methods.
Simulation strategy

In summary, we used the GCS theory to model an electrical double layer

of the biological membrane based on the previous publications of Sha-

piro et al. and Genet et al. (16,32). We also employed an idea of Plaksin

et al. (33) that the capacitance of the lipid bilayer changes when the

temperature changes and to model the capacitance of the lipid bilayer.

Capacitive current was calculated using the potentials obtained by

GCS theory and the capacitance of the lipid bilayer, and TRPV1 channel

current was adopted from the previous publication by Voet et al. (28). We

integrated the capacitive current and the TRPV1 channel current into the

Hodgkin-Huxley model to find the membrane potential (34). Based on

our model, we solved two sets of equations, the first set to determine

T(t) and then the other set to find eight variables: Vm(t), n(t), m(t), h(t),

F1(t), F2(t), F3(t), and F4(t) based on the determined T(t), where n(t),

m(t), and h(t) are gating probabilities of the subunit of the potassium

(n(t)) and the sodium (m(t) and h(t)) channels. The first set of equations

were presented in Eqs. 1 and 2. The second set of equations for the eight

variables are summarized as Eqs. 20, 21, 22, 23, 24, 25, 26, and 27, and

the definitions and values of variables are listed in Tables 1 and S1,

respectively:
FIGURE 6 Electrical circuit model representing

the neuronal membrane. Both the temperature-

dependent TRPV1 channel current (ITRPV1(T(t)))

and capacitive current (Icap(T(t))) are added into

the classical HH model.

1=2 � VmðtÞ
�

RTðtÞ
zF

!þ GKþn4ðVmðtÞ � EKþÞ

ðtÞ � EleakÞ

0;

(20)
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TABLE 1 Definition of Variables Used in Our Model

Variable Definition

Vm(t) membrane potential/potential difference between

outer- and inner bulk medium

F1(T(t)) potential at the interface between the inner Stern layer

and the inner diffuse layer

F2(T(t)) surface potential at the inner lipid bilayer

F3(T(t)) surface potential at the outer lipid bilayer

F4(T(t)) potential at the interface between the outer Stern layer

and the outer diffuse layer

si intrinsic charge density of the inner side of the lipid

bilayer

so intrinsic charge density of the outer side of the lipid

bilayer

ss
i intrinsic charge density at the interface between the

inner Stern layer and the inner diffuse layer

ss
o intrinsic charge density at the interface between the

outer Stern layer and the outer diffuse layer

εbi permittivity of the lipid bilayer

dbi thickness of the lipid bilayer

ε(T(t)) permittivity of electrolyte medium

di
s thickness of inner Stern layer

do
s thickness of outer Stern layer

di
lipid hydrated size of inner polar lipid head groups

do
lipid hydrated size of outer polar lipid head groups

εi
s permittivity of inner Stern layer

εo
s permittivity of outer Stern layer

ci
j(�N) concentration of j-th ionic species in the inner bulk

medium

co
j(N) concentration of j-th ionic species in the outer bulk

medium

zji valence of j-th ionic species in the inner

electrolyte

zjo valence of j-th ionic species in the outer

electrolyte

ri
j hydrated ionic radius of j-th ionic species in inner

electrolyte

ro
j hydrated ionic radius of j-th ionic species in outer

electrolyte

GKþ maximal conductance of the potassium channel

GNaþ maximal conductance of the sodium channel

GLeak maximal conductance of the leak current
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dnðtÞ
dt

¼ �100ð100VmðtÞ þ 6Þ
eð�100VmðtÞ�6Þ � 1

� 3
TðtÞ�279:3

10 ð1� nðtÞÞ

� 125eð�12:5ðVmðtÞþ0:07ÞÞ � 3
TðtÞ�279:3

10 nðtÞ;
(21)

dmðtÞ �100ð1000VmðtÞ þ 45Þ TðtÞ�279:3
dt
¼

eð�100VmðtÞ�4:5Þ � 1
� 3 10 ð1� mðtÞÞ

� 4000e

	
�1000ðVmðtÞþ0:07Þ

18



� 3

TðtÞ�279:3

10 mðtÞ;
(22)

dhðtÞ TðtÞ�279:3
dt
¼ 70eð50VmðtÞþ3:5Þ � 3 10 ð1� hðtÞÞ

� 1000

eð�100VmðtÞ�4Þ þ 1
� 3

TðtÞ�279:3

10 hðtÞ; (23)
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εbi sid
s

F2ðTðtÞÞ � F1ðTðtÞÞ þ
dbi

ðF2ðTðtÞÞ � F3ðTðtÞÞÞ ¼ i

ε
s
i

;

(24)

εbi sod
s
o
F3ðTðtÞÞ � F4ðTðtÞÞ �

dbi
ðF2ðTðtÞÞ � F3ðTðtÞÞÞ ¼

ε
s
o

;

(25)

�
εbi

�2
si �
dbi

ðF2ðTðtÞÞ � F3ðTðtÞÞÞ � 2εðTðtÞÞRT

�
Xn
j

cjið�NÞ
�
exp

�
� zjiF½F1ðTðtÞÞ � VmðtÞ�

RT

�
� 1

�

¼ 0;

(26)

and� �2
so þ εbi

dbi
ðF2ðTðtÞÞ � F3ðTðtÞÞÞ � 2εðTðtÞÞRT

�
Xn
j

cjoðNÞ
�
exp

�
� zjoFF4ðTðtÞÞ

RT

�
� 1

�

¼ 0; (27)

where j represents the four (¼ n) ions in the electrolyte (Naþ, Kþ, Cl�,
Ca2þ).

In consequence, we have built an integrative model as outlined in

Fig. 7 that employs a number of fundamental biophysical principles

ranging from the Gans theory and heat diffusion to the HH model and

the GCS theory. We numerically solved this model in two steps: 1) we

determined the temperature at the membrane as a function of time, and

then 2) we solved the coupled nonlinear differential equations for the

determined temperature profile to get the membrane potential over

time. In detail, the numerical process began with the calculation of the

thermal profile at the neuronal membrane for given laser parameters

(e.g., intensity and duration) using Eqs. 1 and 2. For each time point,

the corresponding temperature value was plugged into Eq. 3 to obtain

the TRPV1 channel current, for which we used the membrane potential

of the previous time point (the baseline potential was used for the initial

time point). On the other hand, the capacitive current was found from

Eq. 4 after calculating the surface potentials of F2(T(t)) and F3(T(t)) us-

ing Eqs. 24, 25, 26, and 27. Both the TRPV1 channel current and capac-

itive current were then applied to the modified HH model in Eqs. 20, 21,

22, and 23 to compute the new membrane potential value. This process

was repeated for every time point, resulting in the TRPV1 channel

current, capacitive current, and the membrane potential as functions of

time, which are mainly used to present and discuss our results in

this work. All the simulations were implemented using MATLAB, and

our scripts have been uploaded to Brown Digital Repository (DOI:

10.7301/Z0K64GKB) for public access (36).

As outlined so far, we expect that the time-varying change in the temper-

ature, induced by the heat generated from GNRs, results in the ion displace-

ments (capacitive current) and the gating of TRPV1 channels and thus leads

to a notable increase in membrane potential, eventually triggering an action

potential. In the following sections, we investigate how two mechanisms are

responsible for producing an action potential. In particular, individual con-

tributions of the TRPV1 channel current and capacitive current in gener-

ating action potentials are quantified and compared. For this quantitative

comparison, we designed three types of the modified HH models: 1) HH



FIGURE 7 A block diagram of GNR-enhanced NINS model, which consists of two steps: 1) determining the temperature as a function of time and 2)

determining a time course of the membrane potential based on the temperature time course. The second step was solved in the iterative manner. The rectangle

indicates the input constant, whereas the rectangle with rounded corners show variables that were numerically calculated at given input(s). The filled

circle indicates the addition of incoming constants and/or variables, and the filled rectangle illustrates the outgoing of the constant or variable into

multiple paths.
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model #1 involving both the TRPV1 channel current and capacitive cur-

rent, 2) HH model #2 involving only the TRPV1 channel current, and 3)

HH model #3 involving only the capacitive current (i.e., simulating

TRPV1-channel-blocked neurons).

Finally, we investigate how a variety of cellular, physical, and optical pa-

rameters affect the relative roles of two mechanisms and stimulation effi-

cacy. For this purpose, we repeated the above simulation 96 times to test

all combinations of three TRPV1 channel densities, two different GNR cov-

erages (along with the coverage, the orientation of the GNRs are discussed

in the Supporting Materials and Methods), two different distances between

the GNR and neuronal membrane, four laser durations, and two mecha-

nisms (HH models #2 and #3). Specific values we tested are listed in

Table 2.
RESULTS

Photothermal effects of GNRs trigger an action
potential

In the case of HH model #1 (including both the TRPV1
channel and capacitive currents) and with our parameters,
a single pulse of NIR laser (0.5 ms pulse duration) triggers
an action potential when its intensity reaches 186 W , cm–2.
Fig. 8 presents the results at this stimulation threshold.
Fig. 8 a displays the GNR heat-induced thermal profile at
the neuronal membrane as a temperature change with
respect to the body temperature (36.5�C). The temperature
increases abruptly at the onset of laser irradiation, with a
maximal change of 2.2�C under our stimulation parameters,
and then returns to body temperature with a time constant of
�0.71 ms after switching off optical illumination. The cor-
responding TRPV1 channel current and capacitive current
in response to the temperature change are displayed in
Fig. 8, b and c, respectively. Through the TRPV1 channel,
a small inward current occurs first after the onset of laser
illumination and is followed by an outward current with
an amplitude �13 times larger. The initial inward current
corresponds to the opening of the TRPV1 channel in
response to the initial temperature increase, whereas the
following outward current may be due to the increased
membrane potential (i.e., elicited action potential) (see
Discussion for further interpretation of this and following
Biophysical Journal 115, 1–17, October 16, 2018 9



TABLE 2 Numerical Values of the Parameters Tested in This

Study

Parameters Values

GNR dimensiona 15.3 nm in diameter

80.4 nm in length

Distance between GNRs and

the neuronal membraneb
100* and 1000 nm

GNR coveragec 0.031* and 0.31

TRPV1 channel density

(represented by the conductance)d
1.05, 2.1*, and 4.2 S , m–2

Laser duratione 0.005, 0.05, 0.5*, and 5 ms

Asterisks indicate the default values.
aThis dimension is widely used in NINS experiments and associated with

the surface plasmon resonance wavelength of 980 nm, combinedly resulting

in Cabs¼ 1.67� 10�15 m2 for Eq. 1 (see Supporting Materials and Methods

for detailed derivation). We used the fixed GNR dimension because it will

not make a significant impact on simulation results as far as its correspond-

ing resonant wavelength is used.
bThe default 100 nm was chosen from the transmission electron microscopy

imaging of GNRs vicinity to the sciatic nerve (7).
cThe default 0.031 was chosen from temperature data and its corresponding

laser intensity (8) (see Supporting Materials and Methods).
dThe default 2.1 S , m–2 was chosen from the I-V response measured under

the voltage-clamped condition of human embryonic kidney 293 cells ex-

pressing TRPV1 (28) (see Supporting Materials and Methods). The higher

and lower densities were tested to consider the variety in the channel den-

sity across cell types (e.g., higher density in hippocampus and cortex; lower

density in corpus callosum) (26).
eThis range of laser duration was selected based on the previous theoretical

and experimental NINS studies (7–9,38), including the recent report that

microsecond-scale short flashes effectively induce capacitive currents to

trigger action potentials (38).
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results). On the other hand, as for the capacitive current, an
abrupt inward current is monitored at the onset of laser stim-
ulation and followed by an abrupt outward current at the end
of laser illumination. Both the inward and outward current
peaks are highly synchronized with the start and end time
points of the laser illumination. In addition, a larger outward
capacitive current appears between these time points, which
is close to the moment of the outward TRPV1-channel-cur-
rent peak. The membrane potential in Fig. 8 d shows that
an action potential is elicited at this stimulation threshold.
From the membrane potential waveform and two current
profiles, we believe that both the initial inward TRPV1
and capacitive currents are responsible for triggering the ac-
tion potential.

To confirm the threshold behavior, we present one sub-
threshold (150 W , cm–2) and two suprathreshold (190
and 230 W , cm–2) results in Fig. 9. The maximal temper-
ature changes at the neuronal membrane were 1.7,
2.5, and 3.3�C for the laser intensities of 150, 190, and
230 W , cm–2, respectively (Fig. 9 a). After laser illumina-
tion was turned off, the temperature returned to body tem-
perature, with the same time constant of �0.71 ms for all
cases. Regarding the TRPV1 channel currents (Fig. 9 b),
the larger intensity results in a larger peak and steeper slope
of the initial inward current, which resembles the initial part
10 Biophysical Journal 115, 1–17, October 16, 2018
of the temperature change profiles. Interestingly, the
following outward current only appears by the suprathres-
hold stimulation, which supports the above interpretation
regarding Fig. 9 b. Meanwhile, both the inward and outward
capacitive current peaks appear regardless of the laser inten-
sity at the start and end time of the illumination, although
their magnitudes were larger for higher laser intensities, as
displayed in the inset of Fig. 9 c. Even though both the in-
tensities of 190 and 230 W , cm–2 are suprathreshold and
thus trigger action potentials, the higher intensity triggers
the faster initial action potential and produces the stronger
inward TRPV1 channel current after the action potential,
resulting in the generation of another action potential
(Fig. 9 d). This result suggests that larger laser intensities
may allow for a higher firing rate.
Individual contributions of TRPV1 channel
current and capacitive current to neural activation

HH models #2 (only TRPV1 channels) and #3 (only capac-
itive current) were used to investigate each contribution
separately. Results from HH model #2 (Fig. 10) show that
membrane depolarization by the TRPV1 channel current
can elicit action potentials at the stimulation threshold of
234 W , cm–2, which is 1.3 times greater than the threshold
of HH model #1. The temperature at the membrane was
increased by 2.8�C at this threshold laser intensity. Similar
to HHmodel #1, the TRPV1 channel creates an initial gentle
inward current when the laser illumination starts, followed
by a larger outward current occurring when the action po-
tential appears. Also, in HH model #2, stronger laser illumi-
nation creates the first action potentials faster and makes the
following inward current stronger, triggering an additional
action potential.

Fig. 11 presents the result from HH model #3 involving
the capacitive current only. Like in the other models, opti-
cal stimulation fails to fire an action potential when stim-
ulation is below the threshold, but the threshold becomes
519 W , cm–2, which is 2.8 and 2.2 times bigger than
those of HH models #1 and #2, respectively. This incre-
ment in the stimulation threshold is associated with a
higher temperature elevation (6.1�C) required for trig-
gering an action potential. This model exhibits highly syn-
chronized inward and outward current spikes at the onset
and end of laser illumination, respectively. Interestingly,
the time courses of the initial inward current are very
similar to those of the time derivative of the temperature
changes until the action potentials appear. As shown in
the inset of Fig. 11 c, the abrupt membrane depolarization
starts immediately after the inward current, suggesting that
the inward current at the onset of laser illumination is
responsible for the neural activation. Different from the
other models, in this model #3 in which there is no
TRPV1 channel, the depolarization induced by laser stim-
ulation occurs only once at the onset of the laser, and thus



FIGURE 8 Simulation results of GNR-enhanced

NINS in the case of HHmodel #1 (considering both

the TRPV1 and capacitive currents) and at the

stimulation threshold. (a) The time course of the

membrane temperature changes relative to body

temperature (36.5�C) when illuminating NIR light

onto the GNRs. (b) The TRPV1 channel current ex-

hibits an initial inward current followed by a larger

outward current. (c) The capacitive current plot

shows that inward and outward currents are gener-

ated exactly when switching on and off the laser,

respectively. The capacitive current consists of

two components: the one associated with the time

derivative of the capacitance (dotted line in the

inset) and the other one associated with the time de-

rivative of the potential difference (dashed line in

the inset). We intentionally used the same current

scale as (b) for comparison with the TRPV1 cur-

rent. (d) The membrane potential shows that the

action potential is evoked at this threshold

(186 W , cm�2). The red shaded boxes indicate

the NIR pulse illumination (0.5 ms duration). To

see this figure in color, go online.
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the action potential would not be elicited more than
once by a single pulse even with a very large laser stimu-
lation. More importantly, the magnitude of the inward
current spikes of the capacitive current are 22.6 and
9.47 mA , m–2 for models #3 and #1, respectively, indi-
cating that �2.39 times stronger capacitive current is
required to initiate an action potential without the aid of
TRPV1 channel current.
Comparisons between contributions of TRPV1
channel current and capacitive current to neural
activation

The results summarized in Table 3 suggest that both the
TRPV1 channel current and capacitive current contribute
to the generation of action potential but to different
degrees. To compare the degree of contribution from each
FIGURE 9 Simulation results of GNR-enhanced

NINS for varying stimulation laser intensities in the

case of HH model #1. (a) Membrane temperature

changes relative to the body temperature (36.5�C)
for three different laser intensities are shown.

(b) TRPV1 channel currents are shown. (c) Capac-

itive currents are shown. The inset shows the cur-

rents for three stimulation intensities separately

for clear comparison. (d) The membrane potentials

upon laser irradiation are shown. Solid, dashed, and

dash-dot lines indicate the results obtained upon

optical stimulation intensities of 230, 190, and

150 W , cm–2, respectively. The red shaded boxes

indicate the NIR pulse illumination (0.5 ms dura-

tion). To see this figure in color, go online.
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FIGURE 10 Simulation results of GNR-enhanced NINS in the case of HH model #2. (a) Changes in the membrane temperature in response to a

laser pulse with different laser intensities are shown. (b) The TRPV1 channel current in response to a laser pulse is shown. (c) The membrane

potential in response to a laser pulse is shown. Solid, dash-dot, and dashed lines indicate the results for NIR stimulation with the laser intensities

of 280, 240, and 200 W , cm–2, respectively. The red shaded boxes indicate the NIR pulse illumination (0.5 ms duration). To see this figure in color,

go online.
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mechanism, the stimulation threshold was compared be-
tween HH models #2 and #3. The result that a higher NIR
stimulation is demanded to evoke an action potential in
HH model #3 (capacitive current only) than in model #2
(TRPV1 current only) strongly suggests that the TRPV1
channel current contributes to the generation of action
potential more significantly than the capacitive current. In
addition, at the condition of stimulation threshold, the
maximal initial inward capacitive current in HH model #3
is �2.4 times higher than that of HH model #1 (both mech-
anisms), whereas the maximal initial inward TRPV1 current
in HH model #2 is only �1.1 times higher than that of HH
model #1. These results imply that although synergistic
contribution of the TRPV1 channel current and capacitive
current exists in normal neurons during GNR-enhanced
NINS, the TRPV1 channel current plays a more important
role in triggering action potentials and the contribution of
the capacitive current is limited. Furthermore, according
to this theoretical result, the capacitive current alone cannot
explain the experimental observation that more than one ac-
tion potential was elicited by a single pulse (19).

Under the default values (Table 2), the TRPV1 channel
current has a bigger impact on the neural activation
compared to the capacitive current, but to further investigate
FIGURE 11 Simulation results of GNR-enhanced NINS in the case of HH

response to a laser pulse with different laser intensities is shown. (b) The cap

potential in response to a laser pulse is shown. Solid, dash-dot, and dashed li

530, and 490 W , cm–2, respectively. The red shaded boxes indicate an NI

online.
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the relative roles of the two mechanisms in a wide range of
conditions, we tested 48 combinations of the parameters as
listed in Table 2. Fig. 12 shows the stimulation thresholds of
HH model #2 and HH model #3 for the 48 different condi-
tions. This result confirms the important hypothesis on the
effect of laser duration, for the first time to our knowledge
in a quantitative way, that as the pulse duration decreases,
the relative contribution of capacitive current increases
within the tested variety of TRPV1 density, GNR coverage,
and GNR distance. Although the TRPV1 current has a larger
contribution than the capacitive current in most cases, the
capacitive current becomes a significantly larger contributor
when the laser duration is as short as 5 ms and the TRPV1
channel density is relatively lower (with the associated
conductance around 1 S , m–2). It is obvious that the
TRPV1 channel conductance (i.e., channel density) only
influences the TRPV1 channel current (the black lines
in Fig. 12 are identical across different densities), and
thus the relative contribution of capacitive current mecha-
nism becomes larger as the TRPV1 channel conductance
decreases.

We found that as the GNR distance decreases, the relative
contribution of capacitive current mechanism increases.
However, this effect does not change which mechanism
model #3 (capacitive current only). (a) The membrane temperature in

acitive current in response to a laser pulse is shown. (c) The membrane

nes indicate the results for NIR stimulation with laser intensities of 570,

R pulse illumination of 0.5 ms duration. To see this figure in color, go



TABLE 3 Thresholds, Membrane Currents, Timing, and Action Potentials in Three Models

Tested Subthresholda Threshold Tested Suprathreshold 1 Tested Suprathreshold 2

HH #1 laser intensity [W , cm–2] 150 186 190 230

action potential peak time (ms) N/A 0.14 0.12 0.080 (1st)b

0.53 (2nd)

inward TRPV1 current peak time (ms) N/A 0.12 0.11 0.065 (1st)b

0.50 (2nd)b

inward capacitive current peak time (ms) 0.0 0.0 0.0 0.075 (1st)b

0.52 (2nd)b

maximal initial inward TRPV1 current

(A , m–2)

N/Ac 0.035 0.035 0.034 (1st)b

0.045 (2nd)b

maximal initial inward capacitive current

(A , m–2)

0.0079 0.0095 0.0096 0.011

HH #2 laser intensity (W , cm–2) 200 234 240 280

action potential peak time (ms) N/A 0.17 0.14 0.11 (1st)b

0.51 (2nd)b

inward TRPV1 current peak time (ms) N/A 0.165 0.13 0.095 (1st)b

0.49 (2nd)b

maximal initial inward TRPV1 current

(A , m–2)

N/Ac 0.038 0.037 0.037 (1st)b

0.050 (2nd)b

HH #3 laser intensity (W , cm–2) 490 519 530 570

action potential peak time (ms) N/A 0.11 0.075 0.060

inward capacitive current peak time (ms) 0.0 0.0 0.0 0.055

maximal initial inward capacitive current

(A , m–2)

0.021 0.023 0.023 0.025

aThe peak time in this table represents the time from the onset of laser stimulation.bIn the case of multiple action potentials, their corresponding timings and

currents are listed as first and second in chronological order.
cWe defined the maximal initial inward TRPV1 current as the maximal value in the time range between the stimulation onset and the action potential, so it is

not applicable to the subthreshold cases, although the TRPV1 current continuously increased during the stimulation period.
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makes a major contribution within the realistic distance
range we tested (Table 4). Also, the GNR coverage has
few effects on the relative roles but only scales the threshold
value as we anticipated above. The coverage just influences
on the amount of heat generated from the GNRs, not on the
profile of the temperature.
FIGURE 12 Comparisons of stimulation

threshold of HH #2 (TRPV1 channel current;

red) and HH #3 (capacitive current; black) model.

Four laser durations (0.005, 0.05, 0.5, and 5 ms)

were simulated along with three TRPV1 conduc-

tances (1.05, 2.1, and 4.2 S , m–2), two GNR cov-

erages (0.031, 0.31), and two distances (100 nm

filled line and 1000 nm dotted line), and the result-

ing 48 combinations are simulated. To see this

figure in color, go online.
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TABLE 4 The Major Contributors between Two Mechanisms

Low TRPV1 Density Typical TRPV1 Densitya High TRPV1 Density

Laser duration (ms) 0.005 0.05 0.5 5 0.005 0.05 0.5 5 0.005 0.05 0.5 5

Short distance C y y T y T T T T T T T

Long distance C y y T y T T T T T T T

‘‘C’’ is the capacitive current, ‘‘T’’ is the TRPV1 channel current, and ‘‘y’’ represents both mechanisms having a similar degree of contribution. The GNR

coverage does not change the major contributors but only scales the threshold values.
aThe typical TRPV1 channel density represents the one in human embryonic kidney 293 cell.
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DISCUSSION

In this work, we demonstrate the integrated model for GNR-
enhanced NINS by incorporating both the TRPV1 channel
current and the capacitive current for the first time, to our
knowledge. Using this integrated model, we quantitatively
compared the contribution from each mechanism under
the wide range of different cellular, physical, and optical
conditions to photothermal neural activation.
TRPV1 channel current and capacitive current

First, ion movements by the TRPV1 channel current are dis-
cussed. As we noted in the result section (Fig. 10 b), the
TRPV1 channel current increases after the laser illumina-
tion starts. Because the channel is more permeable to cal-
cium ions than other cations (e.g., sodium and potassium
ions) and the extracellular free calcium concentration is
higher than the intracellular region (24,37), mainly calcium
ions enter into the cell when the channel is open, thereby de-
polarizing the membrane. The rise of the inward current is
sustained during the optical stimulation, except when the
large outward current occurs when an action potential fires;
therefore, multiple action potentials can be generated during
the single-pulse stimulation as far as the laser intensity is
strong enough. The direction of current flow is reversed
(to the outward current) once the neuron fires an action po-
tential. This outward current is a result of the abrupt increase
in membrane potential, as we can expect from Eq. 3 that the
direction of the current should become opposite when
the membrane potential exceeds the reversal potential of
the TRPV1 channel. This outward TRPV1 channel current
involves calcium ions as well as potassium ions because
the potassium ions dominate the other ions, including cal-
cium, in the intracellular space. The outward TRPV1 chan-
nel current, however, has negligible influence on the
membrane potential during and after the action potential
fires because its amplitude is �100 times smaller than the
current flowing through the sodium and potassium channels
during the period.

When we modeled the TRPV1 channel current with
respect to the temperature change, we adopted the relation
of Eq. 3 reported by Nilius et al. (27). They obtained the
equation based on their patch-clamp experiments, in which
they measured the channel current while applying the
voltage step. In this patch-clamp experiment, they obtained
14 Biophysical Journal 115, 1–17, October 16, 2018
the nearly steady-state current-voltage relationship and
fitted it with a function that combines a linear conductance
and a Boltzmann activation term (Eq. 3). In this work, how-
ever, our dynamic model simulates transient changes in both
the membrane potential and channel currents (along with
the other variables as in Eq. 7) for the given temperature
time course but uses the quasistatic current-voltage relation-
ship. This can be one of the limitations in our current model,
but we do not expect that it might significantly affect the
trends found from our final simulation results. Because the
membrane potential stays near the resting potential without
any large voltage step before the action potential fires, the
effect of this steady-to-transient application would be min-
imal during the initial period of triggering an action poten-
tial. Therefore, the relative relations between the threshold
values, one of the key findings from this study, will not
significantly differ from the true relations. It is noteworthy
that the effect can become non-negligible after the initiation
of the action potential such that the time course and the ab-
solute threshold value presented in this work might be
slightly different from experimental results.

Second, the capacitive current is discussed in more detail.
From Eq. 4, the capacitive current can be divided into two
components: the one associated with the time-varying
capacitance and the other associated with the time-varying
potential difference across the lipid bilayer. As shown in
Fig. 9 c inset, the capacitance-oriented component (dash-
dot) shows inward current at the onset of laser illumination
followed by the outward current at the cessation of laser,
whereas the potential-oriented component (dashed line) ex-
hibits the opposite directions. However, the magnitude of
current peaks of the capacitance-oriented component is
greater than that of the potential-oriented component, result-
ing in a brief inward net current at the beginning and a short
outward net current at the end of laser stimulation. This in-
ward net capacitive current occurs only once during a single
laser pulse (at its onset), so the capacitive current contrib-
utes to the elevation of the membrane potential only once
at the onset of the laser irradiation.
Effects of the laser duration, GNR distance, and
TRPV1 channel density

First, we discuss the effect of GNR distance in more detail.
If the GNRs move away from the membrane, the maximal



FIGURE 13 Stimulation thresholds in energy per unit area for various

laser durations for the capacitive current (blue), the TRPV1 channel current

(red), and both (black) considered models. To see this figure in color,

go online.
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temperature at the membrane decreases, and more impor-
tantly, the slope, which is a critical factor in capacitive
mechanism, becomes more gradual because of the charac-
teristic of heat diffusion (Fig. 2). Because of this trend
and the fact that the capacitive current depends on the
first-order derivative (i.e., slope) of temperature (Fig. 5),
the relative contribution of capacitive mechanism decreases
as the distance increases. This effect can be seen in our
simulation result. In Fig. 12, the data at the laser duration
of 0.005 ms and the conductance of 2.1 S , m–2 show that
the capacitive current makes a slightly larger contribution
than the TRPV1 channel (lower threshold) when the dis-
tance is 100 nm, but the contribution is slightly smaller
than the TRPV1 channel when the distance is 1000 nm.
However, differences are very small, and overall, the effect
of GNR distance does not have a significant impact on
which mechanism makes a major contribution compared
to the laser duration and TRPV1 channel density (Table 3).

Second, the effect of laser duration is discussed. Because
the capacitive current is highly related to the temperature
change (its first-order derivative), capacitive current has a
sharp peak right after the onset of the laser pulse, and it falls
quickly during the laser stimulation. Therefore, the contri-
bution of the capacitive current mechanism does not change
even when the laser duration changes (50 ms � 5 ms)
because the initial current peak is responsible for the action
potential generation. Interestingly, the contribution of
capacitive mechanism decreases (i.e., stimulation threshold
increases) when the laser pulse decreases to 5 ms. Because
the initial peak of the capacitive current has a finite width,
extremely short laser duration on the order of a microsecond
would not produce sufficient current to elicit an action po-
tential, and thus stronger laser intensity is required. More-
over, the negative capacitive current occurring at the end
of the pulse is so close (in time) to the initial positive current
that it might have negatively impacted the initial depolariza-
tion, which in turn would make it require higher laser inten-
sity to generate an action potential. On the other hands,
TRPV1 channel current is related to the absolute tempera-
ture, which results in the steady increase of the current dur-
ing the laser pulse but just before the action potential fires.
Because of the persistent inward current, contribution of the
TRPV1 channel increases as the laser duration increases.

Thus far, the stimulation threshold has been presented in
the light intensity (power per unit area) unless otherwise
noted. Here, we have plotted the stimulation threshold en-
ergy (energy per unit area, Eth) as a function of the duration
(Dt) in log-log coordinates at a selected condition for
an example (coverage: 0.031, TRPV1 channel density:
2.1 S , m–2, and distance: 100 nm), and then fitted the
Eth-Dt relation to find the power-law dependency, Eth ¼
a(Dt)b, as shown in Fig. 13. Meanwhile, Carvalho-de-Souza
et al. (38) experimentally determined the power-law expo-
nent (b) in DRG cells to be b ¼ 0.6–0.79 (Figs. 2 E and 3
of the (38)). Because DRG cells have abundant TRPV1
channels (24,25,39), it is reasonable to compare the experi-
mental value to our theoretically obtained exponent in the
combined mechanism (HH #1) in which TRPV1 channel
and capacitive current are both considered (b ¼ 0.69).
Although the heat-source materials and the wavelengths of
light used in the experimental work are different from those
used in our simulation, the theoretical value is in a good
agreement with the experimental values.

Third, because of the synergetic effect of the TRPV1
channel current and the capacitive current, the power-law
exponent of the combined mechanism should be between
two values of the individual mechanisms and intriguingly
may provide a means to indirectly estimate the TRPV1
channel density, at least in a relative manner. In the above
example, the exponent is 0.69, closer to that of the
TRPV1-only mechanism. A neural sample with a lower
TRPV1 channel density would lead to a higher exponent
of the power law. For example, the combined-model expo-
nent determined by our simulation in a lower-density case
(1.05 S , m–2) becomes high, up to 0.98.
Baseline temperature

We assumed body temperature (36.5�C) as the baseline
because we aimed to better understand the GNR-NINS
mechanisms in vivo, as we believed that most of the
GNR-NINS techniques currently being developed will
have in vivo applications as a goal. However, if a GNR-
NINS experiment is conducted in vitro under room temper-
ature (25�C), which is lower than body temperature, the
TRPV1 channel might not be a robust contributor because
its activation temperature is known to be >43�C (28). For
this case, other channels (e.g., TRPV4 and TRPV3, with
Biophysical Journal 115, 1–17, October 16, 2018 15
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activation temperatures of >25 and 31�C, respectively) will
become more important players than the TRPV1 channel
(28). Therefore, for accurate numerical simulation of such
in vitro experiments, one will need to additionally model
the TRPV4 and/or TRPV3 channel. As an additional note,
the temperature increment from the body temperature
required for action potential generation varies with the con-
ditions such as the laser duration and TRPV1 density but
generally ranges between 39 and 43�C.
Comparison of experimental and theoretical
results

The simulation results are compared with previously re-
ported experimental data. Our finding that the stimulation
threshold (in power per unit area) decreases when the laser
duration increases (Fig. 12) agrees with the experiment
report in the DRG neuron under GNR-NINS (38) and the
gerbil cochlea under INS stimulation (40). The stimulation
threshold of HH model #3 (186 W , cm–2) obtained at the
default parameters shows a good agreement with that exper-
imentally obtained (75.3 W , cm–2) in cultured hippocam-
pal neuron samples (8). Another study using a 532 nm
wavelength reported a much higher threshold (9), the trend
of which agrees with our finding in Fig. S3. Remarkably, the
multiple firing per pulse observed in the literature can only
be explained by the activation of the temperature-sensitive
ion channels (19). When we involved the capacitive current
only, it could not explain this observation. To narrow the gap
between the theory and practice, complex photothermal heat
effect of GNRs such as inhomogeneous distribution of
GNRs (e.g., aggregated GNRs) and three-dimensional heat
diffusion should be considered. These will also help us to
understand the effects of the density of GNRs and their dis-
tance from the membrane on GNR-enhanced NINS. For our
simulation, because we are focusing on a small region where
it is reasonable to assume the GNR sheet and the membrane
as infinite planes separated by a small distance, the long dis-
tance becomes unrealistic to solve using the one-dimen-
sional heat diffusion equation. We think that for long
distances, the actual temperature should be smaller than
the calculated temperature. It is worth noting that the
TRPV1 channel current varies upon types of tissue because
the level of TRPV1 channel expression varies, and thus the
TRPV1 conductance should be appropriately selected based
on the target simulation tissue.

In conclusion, the theoretical studies presented in this
work show that both capacitive and TRPV1 currents, pro-
duced by the transient temperature elevation due to LSPR
of GNRs, contribute to generation of an action potential.
The contribution of TRPV1 channel current increases
when the TRPV1 channel conductance increases and/or
the distance decreases and/or the duration increases,
whereas the orientation and the density of GNRs have no in-
fluence on it. We also found that the initial inward capacitive
16 Biophysical Journal 115, 1–17, October 16, 2018
current appears instantly at the onset of laser pulse but the
initial inward TRPV1 current increases relatively slowly.
When the laser illumination continues after an action poten-
tial is triggered, it allows persistent elevation of the TRPV1
current, which can result in another action potential within
the single-pulse period, whereas almost no capacitive cur-
rent is induced until the end of the laser pulse. Thus, multi-
ple action potentials within a single laser pulse can be only
explained with the TRPV1 current. This interesting finding
could be experimentally tested with TRPV1 channel
knockout tissue. This work sheds a new light on our under-
standing about how NIR-induced GNR LSPR heat evokes
an action potential in diverse conditions and in different
excitable neural tissue types and thus will facilitate
advancing the recently experimented, promising GNR-
enhanced NINS strategy for clinical and basic research
applications.
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