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Physiotherapeutic e®ects of infrared lasers have been proved in clinic. These infrared-based
regulations of the bioelectrical activities can roughly be classi¯ed into enhancement and sup-
pression of action potential (AP), which are described by sodium (Na) and potassium (K)
transmembrane current equations, named as Hodgkin and Huxley (HH)-model. The enhance-
ment e®ect is able to evoke or strengthen the AP when infrared light is applied. Its corresponding
mechanism is commonly ascribed to the changes of the cell membrane capacitance, which is
transiently increased in response to the infrared radiation. The distinctive feature of the sup-
pression e®ect is to inhibit or reduce the AP by the designed protocols of infrared radiation.
However, its mechanism presents more complexity than that in enhancement cases. HH-model
describes how the Na current determines the initial phase of AP. So, the enhancement and
suppression of AP can be also ascribed to the regulations of the corresponding Na currents. Here,
a continuous infrared light at the wavelength of 980 nm (CIS-980) was employed to stimulate a
freshly isolated hippocampal neuron in vitro and a suppression e®ect on the Na currents of the
neuron cell was observed. Both Na and K currents, which are named as whole cell currents, were
simultaneously recorded with the cell membrane capacitance current by using a patch clamp
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combined with infrared irradiation. The results demonstrated that the CIS-980 was able to
reversibly increase the capacitance currents, completely suppressed Na currents, but little
changed K currents, which forms the steady outward whole cell currents and plays a major role
on the AP repolarization. A con¯rmation experiment was designed and carried out by syn-
chronizing tens of milliseconds of infrared stimulation on the same kinds of hippocampal neuron
cells. After the blocked K channel, a reduction of Na current amplitude was still recorded. This
proved that infrared suppression of Na current was irrelevant to K channel. A membrane
capacitance mediation process was preliminarily proposed to explain the Na channel suppression
process.

Keywords: Na channel suppression; AP; whole cell currents; infrared suppression of bioelectrical
activity; photothermal e®ect on the membrane capacitance; continuous infrared laser
physiotherapy.

1. Introduction

Infrared therapy had shown its abilities in clinic,
such as diabetic wounds repair,1,2 pain relief,3 au-
ditory response stimulation,4,5 and the recent
achievement in brain–computer interfaces.6 The
most interesting work is controlling the nerves'
bioelectrical functions without any pretreatment on
the biological samples,7 which is the cellular basis of
the most infrared therapies, laser acupuncture in
clinic, etc. The studies on their corresponding cel-
lular mechanisms can be classi¯ed into two cate-
gories according to their roles of enhancement or
suppression for the action potential (AP), which are
described by Na and K transmembrane current
equations developed by Hodgkin and Huxley (HH)8

in 1952 and named as HH-model. And these con-
tents can be easily obtained in the textbooks about
Cellular Electrophysiology or Cellular Biophysics,
etc.

HH-model8 provided a set of quantitative de-
scription equations for ionic transmembrane cur-
rents °owing through ion-selective channels on the
excitable cell membrane and formed a biophysical
branch thereafter. This model made a clear under-
standing of the AP of the excitable cell membrane.
It says that the initial phase of the AP is initiated
by a rapid voltage-dependent inward Na current.
And its recovery phase is formed by a slowly volt-
age-dependent outward-recti¯er K current. The Na
and K currents make a shape of whole cell current,
which describes the AP on the ionic basis.

The functional enhancement roles had been
studied based on the infrared-induced activation of
ionic channel,9 AP,10,11 etc., but its mechanism was
kept unclear until Shapiro et al. proposed a

membrane capacitance mediation principle.12 This
capacitive mechanism is described as follows: Laser-
induced thermal e®ect increased membrane capac-
itance, generated an inward capacitive current, then
depolarized the cell membrane, and ¯nally evoked
an AP. They proved that the membrane capaci-
tance was mediated by the infrared laser regulation
on the cell bioelectrical activities. Based on this
mechanism, we studied the enhancements also.13,14

Thereafter, the works demonstrated that these ca-
pacitance changes were determined by the
\thermostriction" of the lipid bilayer in a rapid
temperature change induced by the photothermal
e®ect.15–17

On the other hand, the infrared lasers have also
been found to be able to suppress cellular electrical
activation when operated in an appropriate
way.18–20 The transient and selective infrared sup-
pressions of neuron activity were proved in relation
to the localized heating block. But, its mechanism
was not as clear as that of enhancement,21 even if
the novel methods had been employed such as
nanoparticle methods.22,23 The consideration of the
di®erent temperature sensitivity of the membrane
protein (Q10)

24 was proposed based on the modi¯ed
HH model.25Along with this clue, Ganguly et al.26

proposed that the mechanism of K channel played a
major role during the infrared inhibition. Anyway,
these publications demonstrated bidirectional reg-
ulation roles of the infrared light on the AP. And
technically, the patch clamp provided a tool for the
whole cell currents or AP recording.27 So, the Na
and K currents could act as a quantitative measure
to understand the infrared physiotherapeutic e®ect
as shown in Refs. 9, 12–14, 18, 19, and 33.
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Here, we present an observation of a long-term
infrared suppression phenomenon on the freshly
isolated hippocampal neuron cell and propose its
mechanism as a slow changing membrane capaci-
tance mediation. A Patch Clamp technique was
applied to synchronize an infrared laser to study
how a hippocampal neuron cell responds to a
CIS-980 irradiation in vitro.

We preliminarily proposed a mechanism where a
CIS-980 suppression of transmembrane Na currents
was mediated by membrane capacitance. The laser-
induced photothermal e®ect generated a slow tem-
perature rises (compared with the rapid pulsed
laser), induced an inward capacitance current, in-
creased the membrane potential, and then caused
Na channel suppression (this is also called deacti-
vation process) like applying a ramp depolarization
voltage, and consequently, the cellular level Na
current(s) were suppressed. Finally, the opinions on
infrared suppression of AP from the other groups
were discussed.

2. Neuron Cell Preparation

and Methods

2.1. Hippocampal neurons preparation

The animal treatment procedures used in this study
adhered to the tenets of the Biological and Medical
Committee of Dalian University of Technology (No.
20190701). Approval was granted by the Institu-
tional Animal Care and Use Committee. Animals
were provided by the Animal Center of Dalian
Medical University, Dalian, China.

Hippocampal neurons were prepared from 7 to
10-day-old Spraque Dawley rats in a conventional
operation.28 The brain was separated and then the
hippocampus was dissected in cold Krebs bu®er
(5�C). Small pieces with about 0.5mm thickness
were cut from the tissue. Pronase E was added
with a concentration of 1.5 g/L to those pieces for
20 min after the incubation at 32�C for 90min.
The tissue was then washed thrice with a
calcium(Ca)-free solution, followed by washing
with the Ca-containing solution thrice. Individual
neurons were separated mechanically by lightly
beating with a pasteurized glass pipette. Ca-free
solution (mM) was composed of 150 NaCl, 5 KCl,
1.2 KH2PO4, 1.3 MgSO4, 2 Ethylenebis(oxyethy-
lenenitrilo)tetraacetic acid (EGTA), 26 NaHCO3,
10 Glucose (pH ¼ 7:4).

2.2. Methods

2.2.1. Infrared stimulation setup and

description

The light source in our work is a Laser Diode Combi
Controller ITC510 (Thorlabs, USA) with a 980 nm
light unit (LU0980M180, Lumics, Germany), which
works in a modulated mode.13 We use a single-mode
optical ¯ber with 10�m core diameter and 125�m
external diameter to transfer the infrared laser light
to cell surface. The schematic and the photothermal
distribution are shown in Fig. 1. The time syn-
chronization of laser controller and EPC-10 patch
clamp is set in PULSE software (HEKA, Germany)
at a time accuracy of 0.1 ms. Laser powers calibrated
by PM100 power meter (Thorlabs, USA) were set at 30
and 72 mW for the long-term and short-term stimula-
tions, respectively. The stimulation ¯ber was ¯xed at an
angle of 60� to the horizontal plane, and the geometric
relationship between ¯ber and neuron cell is shown in
Fig. 1(a), in which the axial distance (zÞ and the spot
radius (!) at the neuronal level were calculated as
�108�m and �16.2�m, respectively, where the spot
radius is estimated by ! ¼ 5þ 108*tan� ¼ 16:2, in
which � is the divergent angle determined by the nu-
merical aperture (NA) of optical ¯ber , which can be
calculated as: NA ¼ n0 sin� ¼ 0:15 with the ¯ber re-
fractive index n0 ¼ 1:47. Based on the above para-
meters, the optical power density in space
corresponding to 72-mW optical power used in this
experiment can be calculated as follows:

72=½�� 16:22� � 87:3� 103 mW/mm2.

The thermal ¯eld generated by CIS-980 is com-
monly described by a thermal lens as given in
Refs. 29–31 as follows:

�T ðr; tÞ ¼ ½2�aP expð��azÞ�=c�!2ðzÞ
Z t

0

1

1þ 2t 0
tc

� exp � 2r2

!2 1þ 2r
tc

� �
2
4

3
5dt 0 ðt < tLÞ;

ð1Þ

where �T is the temperature changes. The charac-
teristic time of thermal lens31 tc is expressed as !

2/4D,
whereD is water di®usion constant 1:43� 10�7 m2/s.
With a given laser powerP , total stimulation duration
tL and water parameters32 (optical absorption coe±-
cient �a ¼ 0:502 cm�1, water density �, dielectric
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constant c), �T can be calculated and is shown in
Figs. 1(b) and 1(c) as red curves.

In addition to the above calculation of the ther-
mal ¯eld, Yao et al.33 proposed a method to measure
this infrared-induced temperature increase by using
an open pipette method. And a simpli¯ed descrip-
tion of the relationship between the surrounding
temperature T and the pipette current I had been
set up as follows:

T ¼ 1

1
T0
� R

Ea log I
I0

� � ; ð2Þ

where R is the gas constant and Ea is the activation
energy, which is determined by the pipette current
I0 at initial temperature T0.

We also practically measured the temperature
distribution by using this open pipette method. The
solution temperature was controlled from 25�C to
55�C and increased in a step of 1�C by using a
thermostatic controller (tc-324b, Warner). Thirty-
one traces of open pipette currents with 100mV
excitation voltages were recorded underlying each
temperature. We reconstructed the temperature
¯eld distribution by moving the tip of the micro-
open pipette and matched the calculated results

(b) (c)

(a)

Notes: (a) The geometric relationship between the end of ¯ber and neuron cell (blue). (b) and (c) The measured (points) and calculated (curves)

temperature changes based on Eq. (1) at z ¼ 300�m. Points in (b) were measured temperature changes by using open pipette method at r ¼ 0

(p ¼ 10–100mW) varying according to time t, which began from the infrared being applied, and data in (c) were the temperature changes measured
at di®erent r after 500 ms irradiation, respectively.

Fig. 1. The schematic and the photothermal distribution of the infrared light interaction with the neuron cell in vitro.
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given in Figs. 1(b) and 1(c). This detailed work can
be found in Ref. 14 and we display some results to
illustrate how the temperature changes during the
infrared laser irradiation.

2.2.2. The membrane capacitance and ionic
currents recording

This part made a mini review on the related
methods in convenience of readers from di®erent
¯elds. A commercialized Patch Clamp technique
had been employed to record the membrane ca-
pacitance and ionic currents underlying an infrared
stimulation. The infrared stimulation was synchro-
nized by Patch Clamp as described in Refs. 13
and 14.

The glass pipette was prepared by a PC-10 ver-
tical microelectrode drawing machine (NAR-
ISHIGE, Japan). The pipette tip was in the
diameters of several micrometers and attached the
cell membrane to form a seal of gigaohm. Patch
electrode resistance was around 3–5 megaohm.
After breaking the cell membrane on almost the top
of the cell body by the tip through applying a
negative gas pressure, the pipette connected with
the inner cellular solution and formed a close circuit
with the grounded extracellular solution.

The Na current(s) recording in this experiment
were done in the whole-cell mode with an EPC-10
ampli¯er driven by PULSE software (HEKA, Ger-
many). Signals were ¯ltered at 2.9 kHz and sampled
at 50 kHz. The patch pipette was controlled by a
three-dimensional MX7600 motorized micromanip-
ulator with a MC1000e controller (SD Company).
The neuron was housed in a recording chamber
mounted on top of an Olympus IX 71 inverted mi-
croscope. Capacitance compensations were set in
manual compensation mode in the interface of the
PULSE.

Pipette solution (mM) is composed of 65 KCl,
80 KF, 5 KOH, 2 Na2ATP, 10 EGTA, 10 HEPES.
Tric-HCl is used to adjust solution pH to 7.4
(6mM/L Tetraethylammonium was added for
short-term experiment). Bath solution (mM) is
composed of 150 NaCl, 5 KCl, 1.1 MgCl2, 2.6 CaCl2,
10 HEPES, 10 Glucose. Tric-HCl is used to adjust
solution pH to 7.4.

EPC-10 capacitance compensation is an inserted
function, which can be activated by operating the
software. The normal role of the capacitance com-
pensation is to cancel the membrane capacitance

current to record an undisturbed Na current. Here,
in order to observe the relationship between the
membrane capacitance current and Na current, we
employed this function to carry out a simultaneous
measurement of the capacitance current and Na
current by ¯ne controlling the capacitance compen-
sation in a slightly less magnitude. We chose capac-
itance compensation in a manual way because Cslow

compensation is used presumably, it must cancel
some of the capacitance present in the stimulus
pathway, otherwise that must cause ambiguity in the
following capacitance calculation.

In whole-cell recording mode, a compensation
capacitive current is applied by EPC-10 ampli¯er in
an opposite direction of the real membrane capaci-
tance current to reduce its amplitude in a larger
part, in order to record an unambiguous rapid Na
current, which is immediately after the capacitive
current. The compensation capacitive current is
generated by the ampli¯er based on the \C-Slow"
compensation. This is a common method to mea-
sure both cell membrane capacitance and ion cur-
rents simultaneously. The compensation principle
was described in the EPC-10 operation manual for
the Patchmaster software, on Page 92, which can be
downloaded from:

http://www.heka.com/downloads/software/
manual/m patchmaster.pdf.

3. Results and Discussion

3.1. Infrared light modulation
on neuron cell

For long-term study, CIS-980 was applied as back-
ground excitation to hippocampal neurons. During
this background excitation, whole cell currents were
recorded at the selected time point by patch clamp.
The protocol of the depolarization pulses was rou-
tinely con¯gured as a 10ms holding potential fol-
lowed by a 12 ms duration excitation voltage, and
then ending as a 10ms holding potential. The
holding potential was �70mV and the excitation
voltages were set from �60 to 50mV in 10mV
increments. The records were manually carried out
at the concerned probe times. There existed no
holding potential between each recording trial. The
neuron cell was in the diameter of around �30�m,
which was being employed to study the infrared
suppression e®ects.28

Suppression of sodium currents on neuron cell with infrared light
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The results are shown in Fig. 2. We can observe
that the whole cell Na current(s) of a neuron cell in
vitro were reversibly suppressed by a CIS-980
stimulation. Speci¯cally, a positive capacitive cur-
rent followed by both a transient Na current (INa)
and outward-recti¯er K current (IKÞ was recorded
and named as Control. According to the electrical
model of a cell membrane, this capacitive current
was determined by both the cell membrane capac-
itance and positive depolarization voltage, as the
orange circle indicates.

After turning on CIS-980, the capacitive currents
turned negative after 36 s from the beginning of the
infrared stimulation, i.e., the negative membrane
capacitive currents were recorded underlying the
same positive depolarization voltages' excitation as
that in control, as highlighted by the blue circle in
Fig. 2. These capacitive currents can no longer be
described by using the relationship of Cm(dVm/dtÞ
exactly.

The most interesting phenomenon was that the
deactivation of INa was accompanied with the in-
crease of negative capacitance currents. The

complete INa deactivation was recorded at 94 s,
which was named as \Inhibited," meanwhile IK
changed a little. After turning o® the CIS-980, it
took about 3min for both the capacitive and Na
current(s) to be recovered gradually as shown in
Fig. 2 at 274 s (Recovered).

Then, we turned on the CIS-980 again to repeat
the experiment and kept on irradiating for 83 s
(from 275 s). The second cycle (from 275 to 438 s in
Fig. 2) showed similar results of whole cell currents
as we observed in the ¯rst cycle. The Na current was
suppressed and the capacitance currents turned
negative again. Finally, \Recovered" state in Fig. 2
shows the recovered currents after turning o® the
laser for 87 s in the second cycle.

In summary, Na current, INa, was suppressed by
infrared stimulation and its corresponding mem-
brane capacitance currents turned to an opposite
direction, from outward (positive) in control chan-
ged to inward (negative). Now, we set out to ana-
lyze its underlying mechanism in three aspects: Cell
membrane capacitance increased by CIS-980 stim-
ulation, INa being suppressed by the stimulation,

Notes: The experiment was done in two recycles of laser irradiation and indicated by red bar above the recording. In the ¯rst recycle, we found a total

suppression of Na current observed after 94 s of infrared irradiation. But the K currents were little changed. Then, the light was turned o®, and it was
kept on waiting for about 180 s until it recovered. During this procedure, both the capacitance current and the whole cell currents were recorded.

According to the time indicated above the line, the (0 s) marked the neuron cell was in the control state. We can ¯nd that the direction of the

capacitance current becomes opposite from outward (positive) in control changed to inward (negative), which was indicated by the red and blue oval

circle, respecively. And the same irradiation was done again in 83 s and the phenomena were repeated well. The number below the line in the bracket
was the time calculated from the time of laser o®.

Fig. 2. The inhibition on transmembranesodium currects on a freshly isolated hippocampal neuron cell in vitro with CIS-980.
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and the relationship between the capacitance in-
creasing and INa suppression.

3.2. Cell membrane capacitance
increased by a CIS-980 stimulation

In this part, we preliminarily presented the mech-
anism of the changes in the capacitive currents as
circled in Fig. 2. In order to claim this mechanism,
¯rst, we need to ¯gure out how the orange circle
capacitive currents are being generated.

The software of the EPC-10 ampli¯er provides an
interface to push a button \C-Slow" to complete a
slow capacitance (Cslow) compensation. This opera-
tion was actually measured as a capacitance current
and fed back as a compensation current, Icom, which
was calculated by Icom ¼ CslowðdV =dtÞ at a given
excitation voltage V . Based on the compensation
principle, the measured membrane capacitance cur-
rents in control states (the orange circled current,
I c
measureÞ can be calculated as follows:

I c
measure ¼ Ir � Icom ¼ CdV

dt
¼ ðCr � CslowÞdV

dt
ð3Þ

This compensation principle is explained in the
graph presented in Fig. 3(a). Icom was determined
based on the measurement at the last moment, and
in terms of this, compensation current was gener-
ated to be subtracted from the capacitive current.
In general, this subtraction cannot be made perfect,
so this also provides a method to measure the
membrane capacitance.

The interesting phenomenon is indicated by the
blue circle in Fig. 2. A negative (inward) capacitive
current had been recorded after a routine compen-
sation. Based on the compensation principle pre-
sented in Fig. 3(a), the real membrane capacitance
Cr can be ¯gured out based on the measured ca-
pacitance current I c

measure underlying a given exci-
tation voltage. Therefore, the real membrane
capacitance Cr can be calculated by the measured C
and the reading Cslow as follows:

Cr ¼ C þ Cslow: ð4Þ
In most cases, the cell membrane capacitance Cr

does not change that much during the experiments;
therefore, the Cslow can be treated as constant. So,
the measured capacitance C can directly re°ect the
real membrane capacitance Cr.

When an infrared laser is being applied, the real
membrane capacitance is increased due to

thermostriction in Refs. 35–38. The measured ca-
pacitive currents underlying infrared stimulation
must include the currents caused by the changing
capacitance, and considering Eq. (4), Eq. (3)
becomes:

I l
measure ¼ ½dðVCÞ=dt�jC¼Cr�Cslow

¼ ½Cr � Cslow�dV
dt

þ VdCr

dt
; ð5Þ

The last step was due to Cslow being a constant,
dCslow=dt ¼ 0.

As shown in Fig. 3(b), an increased negative
capacitance current was formed by the increased Cr

(a)

(b)

(c)

Fig. 3. The relationship between the real membrane capaci-
tive current Ir, the compensation capacitive current Icom, and
the measured capacitive current ICm. (a) Without infrared
(Control state) capacitive current was presented as Eq. (3). (b)
With infrared laser capacitive current was presented as Eq. (5).
(c) The capacitive curve was ¯tting with a Gaussian function
(�70mV–�30mV at control state) to calculate the corre-
sponding capacitive charges.
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and the negative holding potential (�70mV). This
well explained the data circled in Fig. 2. When the
real capacitance is being increased, a reduced ca-
pacitive current is being measured. After instead of
Eq. (3) into (5), we have:

I l
measure ¼ I c

measure þ VdCr=dt: ð6Þ
This prompts us to ¯nd out how large the capac-

itance is increased when the infrared is being applied.
To evaluate it, we inserted Eq. (2) into Eq. (5) and
took an integral of its both sides with the initial value
as C0, then we have:Z

I
l
measuredt ¼

CðtÞ
C0

Z
I
C
measuredtþ

CðtÞ
C0

� 1

� �

�
Z

Icomdtþ V0ðCðtÞ � C0Þ; ð7Þ

where the capacitive charges Qcontrol (
R
IcmeasuredtÞ,

Qlaser (
R
IlmeasuredtÞ were obtained by half integral of

measured currents (details in the Appendix), which
were ¯t by a Gauss function as shown in Fig. 3(c).
The real capacitance according to time, CðtÞ, can be
calculated if these charges are known. Now, we set
out to calculate these charges based on the corre-
sponding currents.

In our experiment, the reading of Cslow was equal
to 16.87 pF, V0 is the holding voltage �70mV. The
initial capacitance was C0 ¼ 18:7 pF, which was
calculated by: C0 ¼ @Qcontrol/@�V þ Cslow. This
was calculated underlying a membrane potential
change as follows: �V ¼ 10mV.

Aftrer inserting these values into Eq. (7), we
obtained the membrane capacitance reading at
t ¼ 36 s was CðtÞjt¼36s ¼ 19:24 pF. Then, the tem-
perature rise was about �T ¼ 2.39�C, which was
calculated by instead of t ¼ 36 s into Eq. (1). When
considering: dC=dT ¼ ½CðtÞ � C0�=�T ¼ ð19:24 �
18:7Þ=2:39 ¼ 0:23 pF/�C, the relative average tem-
perature-dependence of capacitance changing rate
during 36 s irradiation was about
dC=dT=C0 � 1:23%=�C. The change of fast capac-
itance could be ignored as discussed before.34

3.3. The Na current(s) being suppressed
by CIS-980 stimulation

In Fig. 2, we can ¯nd that the Na current(s) were
deactivated completely but the K currents were
little changed under the interaction of infrared. We
performed a currents reduction normalization to

quantify the di®erence between the two channels as
follows. First, we calculated the reduction ratio of
the Na current(s) compared with that in control
(without CIS-980):

�INa j�V ¼ ½INaðtÞ � INað0Þ�
INað0Þ

; ð8Þ

where INað0Þ and INaðtÞ are corresponding to INas
recorded at control state and time t, respectively.
Speci¯cally, Na peak values recorded at 30 and 40
mV �V conditions are used in the estimation in
Eq. (8). Figure 4(a) shows the reductions of Na
channel currents at the time given in Fig. 2 and the
plots together with the changes of both capacitance
and K currents.

For K channel, the di®erence of IK was extracted
from the originally recorded data in Fig. 2 and is shown

(a)

(b)

Notes: Red lines and blue lines in (a) were normalized reductions of INa
peak value and K steady values. (b) K steady-state currents were

obtained, where the di®erence between di®erent time points reaches
stability. Inset: The di®erence calculation method.

Fig. 4. Na and K currents decreased with radiation time in
di®erent sensitivities.
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in the inset of Fig. 4(b). At 110 and 120mV �V con-
ditions, the di®erence became stable andwe de¯ned this
value as steady value.Then, the normalized reduction of
IK steady values can be expressed as follows:

�IKj�V ¼ ½IKðtÞ � IKð0Þ�
IKð0Þ

; ð9Þ

where IK(0) was the K current in control, and IKðtÞ
was corresponding to the K currents recorded at the
time t from the beginning of the CIS-980.

From Fig. 4(a), we found that the peak values of
INa were reduced by about 60% at 44 s, and then fur-
ther suppressed completely at 94 s [Fig. 4(a)], showing
its sensitivity toCIS-980. IK was changed little byCIS-
980, meanwhile INa is completely deactivated (94 s),
and the di®erences between their normalized reduc-
tions are increased with irradiation time.

To explore the more convincing results, we
designed a short-term experiment to stimulate
hippocampal neuron cells by infrared and in the
condition of blocked K channel by TEA. The exci-
tation voltage was applied from �70mV to �30mV
as shown in Fig. 5(a). The data were divided into
three segments, namely, control, laser, and recov-
ery, respectively. At the segment \laser," the irra-
diation laser pulse was synchronized by the upon
the edge of the depolarization voltage.

The experiments were carried out on ¯ve inde-
pendent cells and three trials are shown in Fig. 5(a).
There, the peak INa values of three segments were
normalized in Fig. 5(b) to contrast whether the
laser irradiation had suppressed the current. After
calculating the ratio of the currents by laser over by
control, a P ¼ 0:023 was obtained. We could con-
clude that the INa was inhibited by CIS-980 during

the \laser" stage. Furthermore, this reduction is not
fully recovered after 40ms of laser shutdown. This
shows a slow recovery process, which is consistent
with the gradual recovery shown in Fig. 2.

4. Discussions and Conclusions

This paper presented an experimental observation
on an infrared light suppression of bioelectrical ac-
tivity on the freshly isolated hippocampal neuron
cell. Its mechanism can be tentatively understood
both in time, whether it is rapid or not, and space,
whether the energy of the infrared light spot is
distributed uniform or not.

(1) The rate of the temperature changes dT/dt
It was the rate of the temperature changes induced
by the infrared stimulation that determined
whether the AP was suppression or enhancement.
Without loss of generality, a membrane capacitance
current, Ic, in a changing temperature ¯eld, T , can
be expressed as follows:

Ic ¼
dðVCÞ
dt

¼ C
dV

dt
þ V

dC

dt

¼ C
dV

dt
þ V

dC

dT

dT

dt
; ð10Þ

where V is the voltage being applied to observe the
capacitance current.

Combining with the cases in Refs. 8–14, we found
that infrared light can regulate the neuron cell func-
tion through its capacitive current by considering the
infrared-induced photothermal e®ect which is medi-
ated by the capacitance changes. In the enhance-
ment, the infrared laser is employed usually with a

(a) (b)

Fig. 5. Short-term CIS-980 on the freshly isolated hippocampal neuron cell in vitro. (a) Cellular currents recorded in three cells
with three segments (control, laser, recovery). (b) The statistical analysis of peak INa values according to the data presented in (a),
and presented as a histogram (N ¼ 5 and P ¼ 0:023).
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wavelength >1:5�m, but the suppression wave-
length is usually shorter. We compared 980 nm of the
above results with that in Refs. 9 and 12, the ab-
sorption properties of water,32 which is the major
gradient of the biological tissue, can be very di®erent.
That of 980nm light in water is 3:362� 10�6 and
1.5�m is about 1:25� 10�4, they are calculated by
using a linear interpolationmethod based on the data
in Ref. 32. This means the wavelength of 1.5�mmust
generate much more rapid temperature changes, i.e.,
dT/dt becomes prominent in Eq. (10), than that of
980 nm. This is also comparable to the enhancement
role in the cases of dT=dt < 0, when we elicit an AP
right after the infrared laser irradiation is turned o®
as presented in Refs. 13 and 14.

On the other hand, the suppression cases will be
di®erent. In this case, a weak absorption can only
generate a slow temperature rise. This could be
something like a cell being applied a ramp depo-
larization voltage,39 by which the deactivation
process of the cell is accelerated.

(2) Infrared energy in the spot distributed uniform
or not
We know that an excitable cell membrane need not
have to be uniformly depolarized to evoke an AP; a
localized potential increase can be enough to trigger
an AP. Its counterpart means if we employed an
infrared to suppress the AP generation, we must
overall control the membrane potential. This is why
the inhibition was e®ective in small-diameter axons
reported in Ref. 19. The K channel mechanism un-
derlying the suppression was not suitable to explain
a general inhibition process, at least in our cases
that is not the right reason.

The deeper mechanism such as acceleration of
inactivation kinetics of Na channel is also an in-
teresting topic and will be studied in the future by
considering its possibility to trigger a mechanism of
slow inactivation.39 On the other hand, we will
employ infrared lasers with di®erent wavelengths,
which were chosen according to their absorption
coe±cient in water to control their photothermal
e®ect at an appropriate time rate. These chosen
wavelengths can obtain the di®erent rates of tem-
perature rises in solutions and help us to understand
the e®ect on the suppression of transmembrane Na
current(s), AP, or some bioelectrical activities that
existed in laser therapies, etc.
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Appendix A

Capacitance calculation based on measured
capacitive currents

I l
measure þ Icom ¼ C

dV

dt
þ V

dC

dt
;

I C
measure þ Icom ¼ C0

dV

dt
;Z

I
l
measuredt ¼

C

C0

Z
I
c
measuredtþ

C

C0

� 1

� �

�
Z

Icomdtþ V

Z
dC

dt
dt;

Qlaser ¼
C

C0

Qcontrol þ
C

C0

� 1

� �
Qcom þ V ðC � C0Þ;

Qcom ¼ 2 ��V � Ccom;

C ¼ Qlaser þQcom þ VC0
Qc

C0
þ Qcom

C0
þ V

;

dC

dT
¼ ðC � C0Þ=�T :

ðA:1Þ
where, Ilmeasure and I C

measure were measured currents
in an experiment at laser and control states, Icom
was read from EPC-10 software, which was de¯ned
as positive with an opposite phase. C0 was the ca-
pacitance of the neuron at the initial state, and C
represented that at time t. Qcom was 2*Cslow ��V
because it happened twice at the same �V condi-
tion (control state and time t), �V is voltage
depolarization.
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