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ARTICLE INFO ABSTRACT

Keywords: Trigeminal ganglion (TG) neurons play an essential role in the sensory nerves of the face. Damaged TG neurons
Primary cell culture resulting from the accidental and non-intentional nerve lesions, commonly identified as neuropathic pain, which
Photobiomodulation

is known to cause intense pain and sensory abnormalities. For the treatment, surgical methods are conducted
when the pharmacological treatment fails to provide satisfactory recovery. However, the process of surgery or
drug intake can burden the patient or cause side effects. One of the logical choices of study becomes photo-
biomodulation (PBM) referred to as therapeutic approaches based on the interactions of visible or near-infrared
(NIR) photons with biomolecules inside cells or tissues. In this study, we constructed a PBM illumination setup to
stimulate the cultured primary TG neurons and compared the growth morphology between the non-irradiated
control group and irradiation group with NIR laser of 808 nm wavelength. In addition, we applied various
radiant exposures of 1, 2, and 10 J /cm? with different pulse frequencies of 1, 10, and 100 Hz. We found that PBM
could promote neurite growth of TG neurons, and it works at relatively low energy densities at 1 and 2 J/cm?.
The irradiation group in the pulsed wave mode with the frequency of 10 Hz was found to be the most effective
when compared to other frequencies. Thus, PBM on TG neurons facilitated neuronal growth in vitro in a dose and
frequency-dependent fashion. PBM may provide a potential therapeutic approach to treat damaged peripheral

Trigeminal ganglion neuron
Near-infrared light

Laser modulation mode (pulsed wave,
continuous wave)

nerves.

1. Introduction

The primary function of the trigeminal nerve, which is the fifth
cranial nerve, is to provide motor and sensory innervations to the face
[1]. The trigeminal nerve conveys information through three main di-
visions, the ophthalmic, the maxillary, and the mandibular divisions.
Branches of the trigeminal nerve are frequently damaged as a result of
trauma or iatrogenic damage during routine surgical procedures [2,3].
Injury or several diseases (such as stroke, facial injuries, brain tumor,
and neurological condition) to trigeminal nerve can cause trigeminal
neuralgia with intense pain, cluster headache, dry eye syndrome, and
Wallenberg syndrome from a few seconds to several hours [4-6].

The treatment of injured trigeminal nerve depends on the cause. In
cases where there are structural compression, the surgical resection of
the nerve is a possibility [7-9]. However, because surgery has many
associated risks, many cases have been treated pharmacologically be-
fore any invasive intervention is attempted. In addition, over time,
some people with such conditions may stop responding to medications,
or they may experience unpleasant side effects [10]. Thus, there is a
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need for an alternative method of treatment which is non-invasive and
reduces the burden on the patients [11].

In recent years, there has been study about the active peripheral
nerve regeneration process that plays a pivotal role in the relief of
neuropathic pain [12,13]. The potential treatment methods of clinical
utility for peripheral nerve regeneration include the interposition of an
artificial nerve scaffold, electrical stimulation, guiding regenerative gel,
and laser phototherapy [14]. Among these techniques, considerable
interest was in the potential therapeutic value of low-level laser irra-
diation for peripheral nerve recovery and the preservation of dener-
vated muscles [15]. PBM is known to promote wound healing, treat
neurodegenerative disorders [16], reduce inflammation [17], improve
hearing [18], and relieve acute or chronic pain from injuries or lesions
[19,20]. PBM effect on cells is known to generate photochemical re-
sponses mainly in the mitochondria and nucleus [21-25]. Even though
there are several studies of peripheral nerve regeneration [26,27], the
effect of PBM on TG neurons has not been explored.

Here, we demonstrated that PBM has an effect on the regeneration
of primary TG neurons in vitro using a transgenic ThyI1-YFP mouse line.
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Fig. 1. Schematic diagram of the general concept and strategy for this study. (a) TG neurons harvested from transgenic mice and were seeded on the bottom of the
culture plate. (b) We stimulated cultured TG neurons using PBM with a wavelength of 808 nm (irradiance of 25 mW/cm?, CW and PW mode with 1, 10, and 100 Hz
frequency). In the laser diagram, energy density of 1 J/cm? and frequency of 10 Hz were used as an example. (c) We measured morphological growth by monitoring
TG neurons regeneration image and Sholl analysis between irradiation group and non-irradiation group.

In this study, we quantitatively analyzed the morphological changes of
irradiation groups compared with non-irradiation control. We analyzed
the neurite length and neurite complexity of TG neurons with respect to
the laser mode either continuous wave (CW) or pulsed wave (PW) with
an 808 nm NIR laser. In addition, we found optimal parameters of
energy density, radiant exposure time, and laser irradiation mode to
yield an effective neurite growth for the TG neurons.

2. Materials and Methods

We studied the growth effect of TG neurons by using a NIR laser and
measured TG neurons between irradiation and non-irradiation groups
using 808 nm laser (CW and PW) as shown in Fig. 1. Our experiment is
composed of three main parts: primary cell culture, laser irradiation,
and quantitative morphological analysis.

2.1. Animal Care

The handling of animals was conducted strictly according to the
recommendations in the guidelines of Institutional Animal Care and Use
Committee board (IACUC) of the Gwangju Institute of Science and
Technology (GIST), South Korea. The Laboratory Animal Resource
Center (LARC) of GIST approved the animal experimental protocol
(Protocol Number: GIST-2019-050). The Thyl-YFP transgenic mice
(Stock No: 003709, Jackson Laboratory, Bar Harbor, ME, USA) with
body weight of 20-25 g were used in this study. The experimental
animals were housed in the LARC and were maintained under a 12 h
light/dark cycle with access to food and water ad libitum.

2.2. Primary Cell Culture

Firstly, three mice sample were anesthetized with isoflurane (2-3%
with flow rate of 0.5-0.7 1/min). Soon after the mice were dec-
apacitated, the TG neurons were collected from ThyI-YFP transgenic
mice, rinsed thrice in cold calcium and magnesium-free Hanks' ba-
lanced salt solution (HBSS; Invitrogen, Life Technologies, Carlsbad, CA,

USA). The isolation procedure was adapted from the protocol of Malin
et al. [28]. The TG neurons were minced with a razor blade and in-
cubated at a temperature of 37 °C for a period of 20-30 min filtered
papain solution; 53 pl papain (Worthington Biochemical, Lakewood,
NJ, USA) to 1 ml Ca®**/Mg>" free HBSS, 1 mg L-Cys (Sigma, St Louis,
MO, USA) and 3 pl saturated NaHCO3 (Sigma), and filtered Col-
lagenase/Dispase solution; 0.012 g collagenase type II (Worthington
Biochemical) and 0.014 g Dispase type II (Sigma) to 3 ml Ca®*/Mg?*
free HBSS was used for the formulation of the solution. The pellet was
suspended in L15 complete medium (Gibco); 25 ml FBS (Gibco, Gai-
thersburg, MD), 10 ml 1 M HEPES (Sigma) and 5 ml penicillin/strep-
tomycin (Sigma) into 470 ml L15 (Gibco), were stacked onto a gradient
composed of 12.5% and 28% Percoll (GE Healthcare, Chalfont St Giles,
UK). Cells were then further dissociated mechanically and centrifuged
at a speed of 1000 rcf at a temperature of 4 °C for 10 min. Neurons
segregates between the two Percoll layers were collected and plated at a
density of approximately 1.0 x 10° cells on Poly-p-lysine (Becton
Dickinson, Franklin Lakes, NJ, USA) and Laminin (Sigma) coated cell
culture plates with F12 medium, the coating duration was 2 h prior to
cell seeding; 445 ml F12 culture medium (Gibco), 50 ml FBS (Gibco)
and 5 ml penicillin/streptomycin (Sigma). Cultures were then placed in
a humidified atmosphere of 95% air, 5% CO, at a temperature of 37 °C.
After seeding, the laser irradiation was performed after 12 h of seeding.
Microscopic imaging was performed after 6 h of laser irradiation. The
laser irradiation and imaging procedure were repeated at the same time
of a day for three days.

2.3. TG Neurons Irradiation Setup with a Near-Infrared Laser

The optical system consisted of a function generator (BK4052-ND, B
&K Precision Corporation, Yorba Linda, California, USA), multi-mode
fiber (MF22L1, Core diameter: 200 = 10.0 pm, Cladding diameter:
290 + 10.0 pum, Thorlabs Inc., Newton, New Jersey, USA), a convex
lens, and an aperture with diameter of 17 mm as shown in Fig. 2. ANIR
laser with a wavelength of 808 nm, the output power of 500 mW,
power-adjustable, and multimode was used to stimulate TG neurons
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Fig. 2. Schematic diagram of the near-infrared irradiation on in vitro cell culture plate. (a) the laser irradiation mode (CW or PW) can be select by a function
generator, and the collimated beam irradiated into the well plate containing TG neurons. (b) shows the table list of specific parameters to stimulate TG neurons. We
applied four different laser modes (CW and PW mode with 1, 10, and 100 Hz frequency) to compare morphological TG neurons growth differences. For PW mode, the
duty cycle was 50%. (c) Beam profile using the equation which is U,(Z) = AEpwuwm / Emax- The total distance between the laser fiber output and well plate with cells
was 36.8 cm. L1: 1-in. convex lens with 25.4 mm focal lengths, Variable aperture: pinhole with 17 mm diameter, L2: 1-in. convex lens with 25.4 mm focal length, and

L3: 2-in. convex lens with 100 mm focal length.

through the multimode fiber and lenses with a laser power supply (SDL-
808-LM-500MFL, Shanghai Dream Lasers Technology CO., Ltd., Song
Jiang, China). We used power density of 25 mW/cm? with the beam
covered area (2.27 cm?) to improve the growth of neurons [29]. The
measured power delivered onto the dish with cells was 56.8 mW. To
make the beam more uniformly, we measured the beam profile by a
beam profiler (Spiricon, Ophir Photonics, Jiirgen Reingruber, Germany)
in Fig. 2c. Eq. (1) is the governing equation for calculation of beam
plateau uniformity.
Up(Z) = AErwnm/Emax 1)

AEpwiw is the full-width at half-maximum (FWHM) of the peak near
Emax of the power/energy density histogram N (E)), i.e., the number of
(%, y) locations at which a given power/energy density E; is recorded.
Note that plateau uniformity range is zero to one (0 < Up(z) < 1). If the
plateau uniformity converges to zero (Up(z) — 0) as distributions be-
come more flat-topped. The smaller beam size with variable aperture
provides more uniform beam distribution. The output power with the
minimum beam size of 14 mm is too low than the output power ne-
cessary for optimal laser irradiation. The beam size of 17 mm provides
enough output power and reasonable beam uniformity in Fig. 2c.

Using an external function generator, we can change the laser mode
from CW to PW mode. In PW mode, we changed the laser pulse fre-
quency with the same energy density to compare the neurite growth
effect. Each energy density was set by varying the irradiation time and
fix the power density. Thus, the irradiation time was set for 40 s for 1 J/
cm® with CW, 80 s for 2 J/cm?® with CW, 400 s for 10 J/cm® with CW,
while PW took twice the time than that of CW with fixed 50% duty
cycle. Laser stimulation was applied daily at the same time on three
consecutive days on the well plate containing TG neurons, with the first
irradiation at 18 h after seeding the TG neurons.

2.4. Fluorescence Imaging for the Analysis of TG Neuronal Growth with
PBM

Fluorescence and bright-field images of the cultured cells were
captured to measure the neurite growth of TG neurons using a sSCMOS
camera (Dhyana 95, Tucsen, Fujian, P. R. CHINA) attached to the in-
verted microscope with a 10 X objective (CPlanN, NA 0.25, Olympus,
Shinjuku, Japan) in Fig. 3. For microscopic imaging, culture plates were
kept in a stage-top cell incubator system (FC-5 N/Chamlide, Live cell
instrument, Seoul, Korea) to maintain a constant temperature and high
humidity for the growth of tissue culture cells under the 95% air and
5% CO, atmosphere. We used a scientific CMOS camera for 2048 by
2048 pixels with an exposure time of 5 s in fluorescence image and 50
milliseconds in the bright-field image.

2.5. Overall Algorithm to Measure Morphological TG Neuronal Growth

We measured the neurite length, intersections, and enclosing radius
of a neuron. These analyses were applied after converting the raw
images into skeletonized images. The “Measure Skeleton Length” al-
gorithm is a macro function that calculates the skeleton length by
counting pixels in a skeletonized image in ImageJ. The length was
measured using a unit of 1-pixel width and height and converted to a
micrometer for real scale. Sholl analysis is a broadly used method to
quantify the complexity of dendritic arbors by counting the intersec-
tions [30]. A line was drawn from the soma to a distant dendrite tip for
setting the range to create concentric circles. Following the completion
of this process, the number of point where the concentric circles and
dendrite meet as counted to identify the intersection. All Sholl analyses
were carried out at 1 um interval steps to a maximum radius of,
~200 um. We also analyzed the information about the “Enclosing ra-
dius” by applying the Sholl analysis. It indicates the last intersecting



H. Cho, et al.

Day 1

Day 2

Non-irradiation

Journal of Photochemistry & Photobiology, B: Biology 210 (2020) 111959

Continuous wave

Pulsed wave

Fig. 3. The representative image in day 1 and day 2 depending on laser mode (continuous wave or pulsed wave) with the same irradiation power. Fluorescence
images were obtained by inverted microscope. Energy density of 2 J/cm? was used as an example.
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Fig. 4. Comparison of neurite growth between a non-irradiation group and irradiation groups with the CW mode depending on energy density. (a) Representative
image of neuron to which the analysis methods were applied, (b) Average neurite length per neuron, (c) Mean number of intersections, (d) Enclosing radius. Data are
mean = SEM. (n = 6; *P < .05, **P < .01, ***P < .001, ****P < .0001; n.s.,not significant; one-way ANOVA followed by Tukey's multiple comparisons test.

radius, and we can therefore find how far the neurons have sprouted.
Using this technique, we can provide the distribution of intersection

according to the distance from the soma.

3. Results

In this study, we measured the effect of NIR laser on neurite growth

of TG neurons between the non-irradiation group and irradiation
groups. For morphological analysis, three analysis methods were ap-

plied to the skeletonized image of a neuron in Fig. 4a. While the
average neurite length of TG neurons with non-irradiation group, in
terms of standard error of the mean, was 587.96 + 39.87 um, and the
average neurite length for irradiation group with CW mode groups

corresponding to energy density of 1, 2, and 10 J/cm? were
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929.85 + 48.13 um, 957.88 + 34.52 pm, 802.37 = 32.51 pm, re-
spectively in Fig. 4b. We also measured the mean number of intersec-
tions of non-irradiation and irradiation groups with different energy
density at 1, 2, and 10 J/cm? in Fig. 4c. The mean number of the in-
tersection of TG neurons was at 4.01 = 0.31 for the non-irradiation
groups. In irradiation groups, the mean number of intersections of TG
neurons with three different energy densities (1, 2, and 10 J/cm?) were
5.49 + 0.09, 5.82 * 0.24, and 4.58 = 0.32. The mean number of
intersections in irradiation groups with CW mode (1 and 2 J/cm?) was
significantly increased similarly with the averaged neurite length of TG
neurons. We measured the enclosing radius of TG neurons in the irra-
diation group with CW mode at energy density of 1, 2, and 10 J/cm?.
The irradiation groups with 1 and 2 J/cm? have increased the enclosing
radius of TG neurons compared with non-irradiation group in Fig. 4d.
The enclosing radius in 1 and 2 J/cm?® were 170.06 + 8.47 um and
161.85 + 2.82 um, respectively. We found that irradiation groups with
CW mode in 1 and 2 J/cm? significantly increased the neurite growth in
terms of the length and complexity compared with the non-irradiation
group. However, the neurite growth of the irradiation groups with the
energy density of 10 J/cm? was less effective than 1 and 2 J/cm?.
Next, we compared the CW mode with PW mode at several pulse
frequencies of 1, 10, and 100 Hz with energy densities of 1, 2, and 10 J/
cm?, respectively in Figs. 5, 6, and 7. A schematic diagram of a CW
mode and three PW modes of laser irradiation with x-axis as time (sec)
and y-axis as the irradiance (mW/cm?) in Fig. 5a, 6a, and 7a. We found
that neurite growth of both laser modes in energy density of 1 and 2 J/
cm? were significantly increased compared with that of non-irradiation

*P < .001, ****P < .0001; n.s.,not significant; one-way ANOVA

group. Especially, the neurite growth of irradiation group in energy
density of 1 and 2 J/cm? with frequency at 10 Hz were more prominent
than other frequencies using three types of analysis such as average
neurite length, mean number of intersections, and enclosing radius.
However, no significant difference was found between the non-irra-
diation group and the irradiation groups with 10 J/cm? Although both
the CW and the PW mode at 10 Hz had greater effects than non-irra-
diation group, there was no statistical difference between CW and PW
mode with frequency at 10 Hz in our experimental condition.

4. Discussions

Our approach delineated that PBM with 808 nm on the primary TG
neurons facilitates neurite growth in vitro. The most effective energy
density for PBM on TG neurons was found 1-2 J/cm? in both CW and
PW modes. Photobiomodulation activates mitochondrial biogenesis. It
was previously shown that the local production of ATP promoted distal
axonal growth [31]. Thus, laser irradiation on the cells can promote
neuronal growth by activating cell metabolism. With NIR irradiation on
the cell, cytochrome C oxidase (CCO) in the mitochondria absorbs the
photons as photo-acceptors [32]. Photons dissociate nitric oxide (NO)
which has been combined with CCO [33,34]. When combined with the
CCO, NO serves to inhibit electronic transmission [35]. Thus, the ac-
tivation of the CCO by the dissociation of NO induces the facilitation of
the electron transport chain, resulting in more ATP production [36-38].
In addition, reactive oxygen species (ROS) are generated with NIR ir-
radiation [39]. ROS generated from low energy densities acts as a
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second messenger, serving as a primary signal promoting the NF-kB
pathways. However, laser irradiated at higher doses may produce ex-
cessive amounts of ROS and can result in the activation of the cellular
apoptotic pathways [40]. In this regards, our result shows a similar
tendency that laser irradiation with relatively low energy density of
1-2 J/cm? results in further neurite growth of TG neurons, especially at
10 Hz frequency, unlike high energy density of 10 J/cm? as shown in
Figs. 5, 6, and 7. However, recent studies revealed that even higher
fluence biomodulated mitochondrial activity with mitochondria pur-
ified from bovine liver [41,42]. Thus, further study would be necessary
to clarify the biological effect of fluence in photobiomodulation.

We found the most effective frequency for the neurite growth of TG
neurons was at 10 Hz. Other groups raised a potential resonance be-
tween the frequency of the pulsed wave and the brain wave. In parti-
cular, the oscillation of the brain wave having with a rhythm of 4 to
10 Hz may be related to pulsed mode with specific frequency. Ten Hertz
pulsed wave laser treatment could result in positive resonance between
the frequency of laser and the electrical activity of neurons [43].
However, further research is required to see if the resonance effect can
explain the advantages of pulsed wave as the current study was per-
formed in vitro. Another possible mechanism for the benefit of pulsed
wave with 10 Hz is the pulse duration of 50 milliseconds with 50% duty
cycle is similar to some biological time scales. For example, the period
could be the half-life of the ion channel in the mitochondrial membrane
or another membrane of the cell that reacts with the light [44,45].

Recently, PBM has been widely studied to enhance neuronal activity
and growth in the brain, spinal cord, and stem cells [46,47]. Our study

identified the neurite growth of TG neurons by both CW mode and PW
mode PBM for the first time, and we found the optimal energy density
and frequency of NIR irradiation. However, clinical application of our
in vitro finding needs further investigation. As TG neurons are widely
distributed deep inside the face, the delivery of PBM might be chal-
lenging while NIR is known for deep tissue light penetration into the
tissue.

In vitro experiment with NIR laser is carried out by storing the cells
in the media for measurement of neurite growth. Because biological
tissues are composed of several components which are water, oxyhe-
moglobin, deoxyhemoglobin, myoglobin melanin, etc. Hemoglobin and
melanin absorb the light energy at wavelengths shorter than 600 nm,
while wavelengths longer than 970 nm are absorbed by water. The
range of red to NIR spectrum (600-1100 nm) can penetrate deeper than
the other spectrum. Additionally, 808 nm was shown to provide posi-
tive effects on the neuronal growth in the peripheral nervous system
[48,49]. Thus, we used wavelengths of 808 nm for our study.

On the other hand, we measured the intersection number which
indicates the dendritic complexity of neurons as shown in Figs. 5, 6, and
7. The relationship of neuronal morphology and function and its im-
portance has been recognized for over a century [50-52]. The func-
tionality and morphology of neurons can therefore be used for the di-
agnosis and treatment in neurological disorders. Increase of dendritic
complexity of TG neurons indicates the enhancement of neuronal ac-
tivity. In addition, intersection number can be interpreted to functional
activity such as axon abundance, neuronal co-activity, and synaptic
connections [53-55]. Thus, the analysis of the intersection may be used
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Fig. 7. Comparison of neurite growth between a non-irradiation group and irradiation groups with energy density of 10 J/cm? in the CW mode and PW mode
depending on frequency. (a) Example of each laser mode and each frequency with energy density of 10 J/cm? (b) Average neurite length per neuron (c) Mean number

of intersections (d) Enclosing radius. Data are mean + S.EM. (n =
followed by Tukey's multiple comparisons test.)

as a functional indicator for neuronal growth. However, it would be
necessary to verify the direct relationship between the intersection
number and functional analysis for the TG neurons in the future.

While we measured neurite length, the mean number of the inter-
section, and enclosing radius of TG neurons in response to NIR PBM in
the current study, further mechanistic investigation at the molecular
and cellular level would provide more insight into the effect of PBM
with different irradiation modes. Also, TG neuronal growth with po-
tential in vivo setting would provide more relevant results useful for
solving clinical problems such as pain relief and dry eye disease related
to sensory abnormalities due to nerve cell damages [56,57]. In sum-
mary, our research supports the therapeutic potential of PBM in situa-
tions requiring regeneration of the damaged TG neurons.

5. Conclusion

In this study, we developed an optical setup to stimulate the cul-
tured primary trigeminal ganglion neurons from the ThyI-YFP trans-
genic mouse model, demonstrated neurite growth of trigeminal gang-
lion neurons with 808 nm near-infrared light irradiation, and compared
various conditions which include the continuous and pulsed irradiation
modes. The effective photobiomodulation energy density, 1 and 2 J/
cm?, and frequency, 10 Hz, were found to promote neuronal growth of

6; *P < .05, **P < .01, ***P < .001, ****P < .0001; n.s.,not significant; one-way ANOVA

trigeminal ganglion neurons. This new investigation could help develop
better potential therapeutic approaches to stimulate peripheral nerve
regeneration after injury.
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