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1.1 Category and property of the light

Isaac Newton, English physicist and mathematician, found that white light can be
separated to different color with a prism in 1666Y. These separated light is classified into
visible light and invisible light. The wavelength of visible light is from 380 nm to 770 nm (Fig.
1A), which is responded as a color by a retina of human eyes?. There are 3 types of retinal
photocells having cone photoreceptor: firstly the short-wavelength sensitive cones (S-cone), also
known as blue cones, responded to around 440 nm, secondly the middle-wavelength sensitive
cones (M-cone) or green cones responded to around 545 nm and finally the long-wavelength
sensitive cones (L-cone) or red cones responded to around 565 nm (Fig. 1B). Based on human
perception of colors, the blue, green and red are called RGB color model, which is principle for
color lights (Fig. 1C). A monitor of electronic machine in modern society is shown based on RGB
color model. Besides, the invisible lights, which are outside of visible light, are classified into 2
types: long wavelength from 700 nm to 1 mm is infrared (IR) light and short wavelength from
10 nm to 380 nm is ultraviolet (UV) light. William Herschel, a German-born British
astronomer, discovered IR light by using prism in 1800%. Currently, IR is used in heating
source, thermometer and night vision equipment. Johann Wilhelm Ritter, a German physicist,
discovered UV light by silver chloride in 1801%. Effect of UV light is known as cause of skin
cancer directly® and support of vitamin D production®. In the out of invisible light, X-rays
and Gamma rays exist in short wavelength, and microwaves and radio waves exist in long
wavelength. These are not categorized into the light in general.

The light has characteristics both of waves and particles, which is called the
“wave-particle duality”. Firstly, the light has the same property of radio wave. The different
phenomena from radio wave are the light can gather and concentrate on one place and the light
travels in a straight line. Secondly, the light has the same property of particle. The photon,
particle of light, does not have any weight and electric charge. The energy of photon (E) are
calculated by E = hf, where light frequency is denoted by f and planck constant is denoted by h.
The energy of photon is inverse proportion: hf = he / A where light wavelength is denoted by A
and light velocity is denoted by ¢. Therefore, the short wavelength of light is higher photon

energy than long wavelength.
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Fig. 1 (A) Relation between wavelength and color in the visible light. (B)
Sensitivity of human retina. Blue is S-cone, Green is M-cone, and Red is
L-cone (C) red-green-blue (RGB) model. The combine of all color make
white color in the light. (Helga Kolb, et al., Webvision The organization of the
retina and visual system, Part VIII, http://webvision.med.utah.edu/)



1.2 Laser

The fundamental laser oscillations (Fig. 2B) are the following process.
1) Pumping: excitation light supply energy to the laser gain medium
2) Spontaneous emission: photon is released from laser gain medium
3) Stimulated emission: photon derived from laser gain medium affect to excited electron
4) Light amplification: stimulated emission continues between two mirrors

5) Out put: laser output through the partially transparent mirror

The laser is an acronym for “light amplification by stimulated emission of radiation”,
which was recognized in a published paper by Gordon Gould in 1959%. Charles H. Townes,
Nikolay Basov, and Aleksandr Prokhorov studied the basic principles of laser in the field of
quantum electronics. They won the Nobel Prize for physics in 1964. The “stimulated emission”
originating expresses principles of laser itself. From the establishment of Einstein's B
coefficient, photon is absorbed to electron (stimulated absorption), and electron is excited.
When these excited electron drop to the ground state from the excited state in natural, photons
are released (spontaneous emission). If photon is absorbed at the same timing of spontaneous
emission, two photons are released with identical wavelength, phase, and direction (stimulated

emission) (Fig. 2A).

The light oscillated by laser contains unique properties differenced with the normal lights.
Although “natural lights” from the Sun or the Moon include the color of all wavelengths, the
laser can provide color of one wavelength with high intensity (monochromaticity light). The
normal light including natural light and artificial light spread to all directions, but the wave of
laser light travels to one direction (directivity light). The laser lights overlap the phase of
wavelength at same timing (coherent light).

The laser oscillators are classified into either the continuous wave (CW) or the pulsed
mode. The pulsed beam looks like CW beam because of the brief interval of pulses. The widths
of pulse are nanoseconds (10?s), picoseconds (1012s) or femtoseconds (1015 s). Pulsed laser can

oscillate with high energy in short time, thus heat effect of laser is suppressed. Whereas CW



laser need to consider heat effect when applying to human body. The power is categorized to 2
groups: low-power laser irradiation (LLI) and high-power laser irradiation (HLI). The HLI is
used as scalpel in a surgical operation. The laser scalpel can vaporize tissue in an instant. The
bloods are coagulated by HLI immediately, thus the wounds of surgery are easy to recover. The
areas of necrosis tissue by denaturation are smaller than electric scalpel. In addition, there are
photothermal effect and photostimulating effect away from center of HLI (Fig. 2C)7.
Photothermal effects induce Vaporization, Carbonization, Coagulation and Denaturation. The
photostimulating effect is same as LLI, hence HLI include LLI stimulation. The effects of LLI
on the tissue are described at subsection 1.3. in detail, but LLI should contribute to treat from

surgery by HLI scalpel.

When laser irradiates to the body of human, how far the light reach in the tissue? The
invasion depths of tissue depend on wavelength: the short-wavelength was low permeability
and long-wavelength was high permeability. The permeability of light is mainly caused by
absorption characteristics of hemoglobin and light-scattering property. P.Beard reviewed the
absorption coefficient spectra of endogenous component®: Oxyhaemoglobin, deoxyhaemoglobin,
water, lipid, melanin, collagen and protein of elastin (Fig.2D). The haemoglobin absorption
coefficients in the region of Red and IR are less than other visible light. AE. Te showed that the
1064 nm laser penetrates skin tissue (10 mm) twice as deep as the 830 nm laser (5 mm), and
10 times more than the 532 nm laser (0.8 mm)?. Hence, long wavelengths are suited for
irradiation of deep tissue, and short wavelengths are suitable for superficial region or small
area. In addition, the permeability is different on type of the tissue. For example,

permeability of the gray matter in the brain is twice as high as the white matter!?.
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Fig. 2 (A) Principle of the stimulated emission. f:Frequency, h:Planck constant. (B) The
structure of the laser instrument. The arrow showed the light path. (C) Feature of HLI. a:
Vaporization, b:Carbonization, c: Coagulation, d:Denaturation, e: Photostimulating effect. (D)
The absorption characteristics of the light. Red line: Oxyhaemoglobin (HbO3), blue line:
deoxyhaemoglobin (HHb), black line: water, brown line:lipid(a), pink line: lipid(b), black dashed
line:melanin, green line:Collagen and yellow line: elastin. (From Beard P, Interface
Focus.1-4:602-31, 2011)



1.3 Low-power laser irradiation (LLI) treatment

It has been reported that the low-power laser irradiation (LLI) can promote cell
proliferation and survival. Endre Mester (1903-1984), a Hungarian physician, started LLI
research in 1965, a few years after laser was invented. First, he investigated the question of
whether LLI would cause tumor or not. The newly-developed ruby laser (694 nm) irradiated to
the shaven mice. Contrary to his expectations, the LLI did not cause tumor but LLI facilitated
hair-grew on irradiation group compared with control group. In next LLI experiment, he
examined using intractable skin tumor implanted in mice. In his published paper in 1968, LLI
facilitated healing of dissection sites. Presently, Tina Karu is one of famous scientist in modern
field of LLI, she wrote 3 books about LLI: “Photobiology of Low-Power Laser
Therapy”’(Chur, London, Paris, New York: Harwood Academic Publ., 1989), “The Science of
Low Power Laser Therapy” (London: Gordon and Breach Sci. Publ., ISBN 90-5699108.6,
1998) and “Ten Lectures on Basic Science of Laser Phototherapy” (Prima Books AB,
Grangesberg, Sweden, 2007). She has met E.Mester at a laser conference in Florence, Italy, in
1979 and listened to his presentation about the healing of leg ulcerations with LLI. And she
gave her impressions on the Mester’s lecture: “The patients had failed to respond to traditional
medicine, and were cured with the Low Level Light Therapy. It was a striking example of the
photostimulation of wound healing.” Ever since these biological effects of LLI were discovered,
there are many reports demonstrating effective LLI treatment in various fields including

wound healing, reumatoid arthritis'®, tendinopathy!?, osteoarthritis!?®.

Red-to-IR laser treatments are also called LLLT: low-level laser therapy. Red laser was
made as the first commercially instrument. And the property of permeability in Red and IR
laser, thus most reports of laser therapy indicate treatment by irradiation of Red-to-IR. Oron et
al. reported 880 nm LLI decreased neurological deficits and increased neurogenesis in the
subventricular zone after acute stroke by permanent middle cerebral artery occlusion in rats'®.
Recently, 808 nm LLI therapy showed initial safety and effective keep as a new treatment
strategy for human ischemic stroke!?. Zhang et al. showed that 810 nm LLI not only inhibited

inflammatory mediators generated by gentle traumatic brain injury but also dramatically



inhibited secondary brain injury in mice lacking immediate early response gene X-119,

In cell culture systems, Red-to-IR LLI was different effects on proliferation of diverse cells.
The increasing proliferations by Red-to-IR LLI occur in the following cells: 632.8 nm LLI on
human skin fibroblast'®, 633 nm LLI on rabbit articular chondrocytes?”, 660 nm LLI on
lymphocytes??, 625, 635, 645, 655, 665 and 675 nm on fibroblasts and endothelial cells??, 635
and 805 nm on normal urothelial cells and urothelial carcinoma cells??, whereas the decreasing
proliferations by Red-to-IR LLI occur in the following cells: 805 nm LLI on glioblastoma cells
(U373MG cell line), mamma adenocarcinoma cells and human squamous carcinoma cells of the
gingival mucosa??, 808 nm on human hepatoma cells?¥ and 810 nm on fibroblasts and

endothelial cells??,

The efficacy of LLI treatment focused on other different wavelength accompanied with
the development of laser instrument for Blue and Green light. The effects of LLI in the Red
(632.8 nm), Green (532 nm), and Blue (441.2 nm) were studied on wound healing in rats'?. The
shaved skin 10 mm in diameter was cut with scissors before LLI treatment. With the fluence of
LLI at 0.75 J/cm?2, 441.2 nm LLI decreased injury area 53% compared with control; 532 nm LLI
decreased 33% and 632.8 nm LLI decreased 39% at day 15 after the injury. At 1.5 J/cm2, 441.2
nm LLI decreased 39%, 532 nm LLI decreased 20% and 632.8 nm LLI decreased 75% compared

with injury area of control at day 1529,

In cell culture systems using other wavelength LLIs, we can find reports showing that
532 nm LLI promoted proliferation of B-14 (Chinese hamster ovarian cell line) cells without
inducing cell death2®, it influenced blood platelets to trigger signal transduction, leading to
platelet activation?”?, and it significantly increased cell survival of human adipose

tissue-derived stem cells following mitochondria activation2®.



1.4 Effect of LLI on intracellular mechanism

Different effects of LLI wavelength on cell proliferation and survival may depend on
photoacceptors present in mitochondria, especially those in the mitochondrial respiratory
chain2?. Primary photoacceptors include cytochromes c oxidase, another name is complex IV,
for absorption of red and IR light region, NADH-dehydrogenase, complex I, for absorption of
blue spectral region, and cytochromes b, ¢1 and ¢, complex III and cytochrome ¢ for absorption
of green light region (Table 1). Their cofactors are porphyrins (for cytochrome ¢ oxidase and
cytochromes b, c1 and c), or flavins (for NADH-dehydrogenase), respectively3?. These
photoreceptors and cofactors contribute to the generation of ATP, a critical source of chemical
energy in cells. Mitochondria are the center of many diverse cellular functions such as
signaling, cellular differentiation, cell death, as well as the control of the cell cycle and cell
growth3V. Thus photoacceptors in mitochondria upon light absorption may regulate the level of
ATP to support cell survival.

It has been reported LLI increased the amount of the intracellular ATP. 830 nm LLI
increased ATP without any to ADP3? in the rat brain tissue. But 652 nm LLI showed no effect
on both ATP and ADP3?. 810 nm LLI increased the ATP level on cultured mouse cortical
neurons at 3 J/cm?, whereas LLI of higher fluence at 10 and 30 J/cm? were equal to the ATP
level of non-irradiated control3®. In other work using Hela cell line, the human cervical cancer
cell line, 820 nm LLI (1 J/cm?) decreased ATP level3¥ and 632.8 nm LLI (0.01 J/cm?) increased

the ATP level at 20 min after irradiation and decreased it slowly to control level3?.

Table 1
Cofactors Photo acceptor Wavelength
Cytochromes c oxidase Complex I Red-IR
Porphyrins
Cytochromes b, cl and ¢ Complex II, Cytochrome C Green
Flavins NADH-dehydrogenase Complex IV Blue




However, considering that LLI has different biological effects on different cells, it is
difficult to conceive that the regulation of mitochondrial photoacceptors is the only mechanism
underlying LLI-mediated cell proliferation. It is likely that final consequences of specific
photobiological effects for cell proliferation are determined not at the level of reactions in the
mitochondrial respiratory chain but based on intracellular signaling??. It will be important to
characterize how proteins and enzymes expressed in each cell type contribute to

photobiological effects.

Akt plays a key role for cell survival and proliferation3®. It was demonstrated that 632
nm LLI increased cell proliferation via the activation of Akt signaling pathway3”. And 632.8
nm LLI inhibits the expression of p213®, a molecule that arrests the cell-cycle, and enhances
the cell-cycle progress via its phosphorylation by Akt3?. Recent investigations implicate an
important role of Akt in mitochondria for the regulation of cell growth. The expression level of
Akt in mitochondria is dynamically regulated by cellular signaling activitiesi®, and Akt
mediates mitochondrial protection against cell death induced by ischemia in cardiomyocytesV.
Importantly, mitochondria-targeted active Akt suppresses apoptosis signaling independent of
cytosolic Akt in cardiac muscle cells*?. Fig. 3 showed mechanism of apoptosis signaling via
mitochondria. When the protein of BH123 aggregated in mitochondria membrane, Cytochrome
C is released from mitochondria. Cytochrome C activates the caspase 9 with Apfl. Caspase 9
make a apoptosome and activate caspase 3, which is the final protein for apoptosis. The recent
work using 632.8 nm LLI indicated that Akt activation is involved in prevention of cell
apoptosis*?. Another work using 660 nm LLI showed that the expression of pro-apoptotic
factors (caspase 3 and caspase 9) were decreased while expression of antiapoptotic factors, such

as Akt, pAkt, Bcl-2 and pBAD were increased by LLI, following transient cerebral ischemia.
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complex |I-V.(Modified from Alberts et al., Molecular Biology of THE CELL, Fifth Edition,
Chapter 18)
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1.5 Cell types for experiment of LLI

In this thesis, two types of cells were examined as a subject of 532 nm LLI experiment.
First experiment is using the human Glioblastoma A-172 cell line (Chapter 2 and 3). This
A-172 cells were provided from Dr. Yamanoha’s laboratory and started as a collaboration
study. Since A-172 cells are cancer cells, the original plan was started to treat the tumor by LLI.
Result of 808 nm LLI and 405 nm LLI were reported previously 46, The 808 nm LLI delayed
cell cycle and suppressed cell proliferation??, and the 405 nm LLI promoted the cell death in
A-172 cells*®. This thesis described the experiment of survival rate by using 532 nm LLI and
tried to find the efficiency of 532 nm LLI.

Second experiment is using the neural stem/progenitor cells (NSPCs). Neural stem cells
have self-renewal ability and multipotency for neurons, astrocytes and oligodendrocytes.
Neural progenitor cells have migrating ability to differentiate into neurons. NSPCs can be
cultured from mouse embryonic brain using free-floating aggregates (neurosphere’s methods).
But neural stem cells and neural progenitor cells are difficult to technically separate. And the
discrimination of these cell type by immuno-marker remains controversial yet. Thus, we will
use the word of NSPCs through this thesis. An in vitro experiment using cultured NSPCs was
shown in Chapter 4. An in vivo experiment was executed using NSPCs induced by mild
ischemia condition (Chapter 5).

As mentioned above in this chapter, the effects of LLI are different on various cell types.

Thus, the properties of cells are important to consider when the LLI effect is concerned.
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1.5.1 Glioblastoma A-172 cells

The brain tumors are classified from Grade I to IV by World Health Organization (WHO).
Grade I gliomas are the least aggressive: subependymal giant cell astrocytoma and pilocytic
astrocytoma. Grade II gliomas grow slowly and spread into near normal tissue: pilomyxoid
astrocytoma, diffuse astrocytoma and pleomorphic xanthoastrocytoma. Grade III gliomas tend
to recur : anaplastic astrocytoma. The highest-grade gliomas (grade IV) maintain rapid growth:
glioblastoma, giant cell glioblastoma and gliosarcoma. The survival time of patients with
glioblastoma is less than 1 year4?.

WHO grade of glioma is closely associated with expression of Notch 1, transmembrane
protein®. Notch 1 expression increased from Grade I to IV based on the hierarchical scores of
the immunohistochemical staining (Fig. 4A). This result was not related to patient sex or age.
In addition, the survival curve by Kaplan—Meier methods after surgical operation showed
relation between survival rate of patients and Notch 1 expression (Fig. 4B).

With regard to discovery of Notch, Thomas Hunt Morgan, an American geneticist, and his
colleagues found the fly wings notch or indentation in mutant Drosophila in 1913 (Fig. 4C). The
fly gene was identified as “Notch” by their additional research in 1917. The relation between
Notch and neuron are reported in 1937, and Notch regulated the neurogenic region to
determine the cell fate in the development of Drosophila embryo in 193749. Furthermore, Greg
Lemke and colleagues showed Notch was expressed not only in drosophila but also in mammals
in 1991. The high amount of Notch expressed between embryonic day 12 and 14 in rat brain,
and Notch expression decreased to lower amount in the adult immediately®?. Recently, it has
been reported that Notch signaling maintained neural stem cell in the embryonic
telencephalon (forebrain) and adult subventricular zone5?.

Notch signaling cascade is activated by cleavage of intracellular domain from membrane.
The cleavage is induced by tumour-necrosis factor a convering enzyme/metalloproteinase
(TACE) and the y-secretase (GS) called presenilin (PS). The liberated intracellular notch (ICN)
enters the nucleus and prompts the transcription (Fig. 4D)5?. It is well known that
GS-mediated intracellular processes activate Notch signaling pathway, which is associated

with cell proliferation and differentiation53-54)
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Fig. 4 (A) Notch 1 expression increased from grade | to IV of gliobrastoma in human. (From Li
J, Cui Y, et al., J Surg Oncol. 103(8):813-7, 2011.) (B) Kaplan—Meier postoperative survival
curve for patterns of patients with glioblastoma and Notch1 expression. (From Li J, Cui Y, et al.,
J Surg Oncol. 103(8):813-7, 2011.) (C) Left is normal wing in wild type Drosophila. Right is
“Notched” wing in mutant Drosophila. (from POULSON D. F., PNAS. 23, 133-137. 1937) (D)
Notch signaling cascade is activated by y-secretase. The intracellular notch (ICN) domain
moves to nucleus.(From Freddy Radtke et al., Nature Reviews Cancer 3, 756-767, 2003)
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1.5.2 Effect of y-secretase inhibitor (GSI) on Notch and APP

The vy-secretase inhibitor (GSI) can inhibit Notch signaling, which prevent the
proliferation of cancer cells. There are GSI isotypes with more than 100, and the types are
classified into 2: transition state analog and non-transition state analog. The transition state
analog, which binds to active GS, is known the IL X (cbz-IL-CHO). It decreases the expression
of as a transcription factor HES-1, and arrest the GO-G1 cell cycle in the human tongue
carcinoma Tca8113 cell5®. The non-transition state analogs, which binds to the non-active site
and interfere the GS, one of them is known as N-[N-(3 5-difluorophenacetyl)-L-alanyl]-
S-phenylglycine t-butyl ester (DAPT)3®, a dipeptide inhibitor of the benzodiazepine type (Fig.
5). The DAPT decrease the cell proliferation and arrest the cell cycle using culture of

glioblastoma cell line US7MG, U251MG, T98G, and A-172 in vitro 57.

GSI:DAPT

H O
2 Nl P

Fig. 5. Structure of DAPT.

While GSI has been investigated to treat the cancer, it was also examined to prevent the
progress of the Alzheimer's disease (AD). The number of AD patients will almost double every
20 years, reaching 65.7 million in 2030 and 115.4 million in 2050%®. In the Alzheimer's disease,

the brain is atrophied, has a reduced brain weight and has enlarged ventricles. Gradually the

15



basic ability for memory, language, calculation, and visuospatial perception is lost along
progressing the brain abnormality. The surface of the brains in AD patients observed the
amyloid plaques, large aggregates of filament protein. The amyloid plaques are consisted of
small peptides named Amyloid beta (AB). AB is considered as a pathogenic agent of Alzheimer’s
disease that is processed from amyloid precursor protein (APP) by GS39. Intracellular, as well
as extracellular, accumulations of AB result in nerve cell toxicitys?. As GS activity is essential
for the release of intact AB, GSIs have been contemplated for the treatment of Alzheimer’s

disease.

Since GSIs have been shown to decrease AB production after administration to transgenic
mice overexpressing human APPSY, they were considered as useful drugs to lower AB
accumulation for long-term treatment in human patients®?. Despite of the potential benefit,
GSIs could have side effects. For example the mice suppressed APP expression (APP Knockout
mice) increased spine density in the cerebral cortex, and DAPT induced reduction of the
dendritic spines®?. In addition, GSI side effects related to cell survival via Notch signaling. It is
well known that GS-mediated intracellular processes activate Notch signaling pathway as
mentioned above. Notch regulates the expression of a phosphatase PTEN (Phosphatase and
Tensin homolog deleted from chromosome) via ICN, the intracellular moiety of Notch. When
ICN is released from Notch by GS, ICN bind to the transcriptional targets including MYC and
HES1. HES1 suppresses the expression of PTEN, which dephosphorylates a phosphoinositide
that is critical for activation of Akt®¥ (Fig. 6). Activated Akt plays key roles not only in
mediating antiapoptotic cell survival as mentioned in subsectional above but also cell
proliferation, cell-cycle progression, differentiation, transcription, translation, and glucose
metabolism6?.

Therefore, although GSIs could be effective for treating Alzheimer’s disease with their
inhibitory role of AB expression and accumulation, they have unwanted side effects of
suppressing cell proliferation and survival by inhibiting Akt activation via PTEN elevation.
These dual aspects of GSIs await other novel drugs or treatments that ameliorate the side

effects.
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Fig. 6 The suppressed PTEN leads to resistance to inhibition of NOTCH1 but dependence on
Akt Signaling. (From Gutierrez A et al. Cancer Cell 12: 411-413., 2007.)

(A) Low expression of PTEN cannot inhibit the PI3K-Akt pathway.

(B) y-secretase inhibitors (GSls) blocks ICN. And, the HES1-mediated inhibition of PTEN
expression is relieved, and PTEN can therefore inhibit the Akt activation.

(C and D) In the mutant of PTEN, uninhibited Akt activation leads to aberrant survival and

proliferation independent of NOTCH1 pathway activity
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1.5.3 Embryonic neural stem/progenitor cells (NSPCs)

Cortical neurons are classified into two major cell types, the excitatory pyramidal
glutamatergic neurons (80%) and the inhibitory GABAergic neurons (20%)%9. The pyramidal
neurons provide the structural inputs and outputs of the cortex and separate cortical layer
from layer 1 to 6 by characteristic axonal connections, dendritic morphologies and physiological
properties. The pyramidal neurons in the deep layers (layer 5/6) projects to subcortical
structures including thalamus, basal ganglia, and spinal cord. Besides, the neurons in upper
layer (layer 2/3) projects intra-cortically to other cortical areas®®. Inhibitory GABAergic

neurons regulate cortical function through local connections.

During development, glutamatergic neurons and GABAergic neuron in the cortex are
generated in different locations. Glutamatergic neurons are born in the ventricular zone (VZ)
and subventricular zones (SVZ) of embryonic cortex in dorsal telencephalon. After exited the
cell cycle, glutamatergic cells migrate to the cortical plate (CP) along the radial glia cells
(RG)8” (Fig. 7). GABAergic neruons are born in the ganglionic eminence (GE) in ventral
telencephalon. NSPCs localized in the medial GE (MGE) and caudal GE (CGE), and preoptic
area (POA) give rise to cortical GABAergic interneurons, whereas lateral (LGE) NSPCs
produce GABAergic cell populations of olfactory bulb (OB), amygdala, and striatum.
GABAergic neurons migrate tangentially from GE into the cortex through the marginal zone
(MZ) and the subventricular/intermediate zones (SVZ/1Z) firstly and then radially migrate to
the CP of their final laminar position (radial migration). 3% of GABAergic neurons neurons
arrive in the MZ or SVZ/IZ from GE at E13.5 mouse (Fig.8A, 8J, 8A’). By the next day (E14.5),
most of GABAergic neurons to stay in the cortex exist in the MZ or SVZ/IZ, but only ~20%
GABAergic cells enter into CP at this age (Fig.8B, 8J, 8B’). This proportion of GABAergic cell

in CP is maintained during cortical development until after P76® (Fig. 8C—I, 8J, 8C-8T).
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Fig. 7 Glutamatergic neuron migrate into cortical plate (CP) after generated at ventricular
zone (VZ) and subventricular zones (SVZ). (From Shibata M, et al.,. Trends Genet. 2:77—
87, 2015.)
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Fig. 8 GABAergic neruron (Green) born in Ganglionic Eminence at dorsal region. The cells
tangentially migrate upper layer (Marginal Zone:MZ) and deep layer (SVZ/I1Z) of CP at the first.
Depend on the development of cortical layer, the GABAergic cells radially migrate to CP.
(From Sahara S, et al., J Neurosci., 32-14:4755-61., 2012.)
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1.5.4 Adult NSPCs

One century ago, Santiago Ramon y Cajal (1852-1934) mentioned: “Once development
was ended, the fonts of growth and regeneration of the axons and dendrites dried up
irrevocably. In adult centers, the nerve paths are something fixed and immutable: everything
may die, nothing may be regenerated. It is for the science of the future to change, if possible,
this harsh decree”. This Cajal’'s dogma was believed until the early 1990s among the
community of neuroscientists and medical workers.

Adult neurogenesis was discovered in rodent hippocampus and olfactory bulb with
experiments of [3H]-tymidine autoradiography by Joseph Altman in 1960s. However it was not
accepted widely for a few decades. Furthermore, Fernando Nottebohm showed adult
neurogenesis birds learned singing in the 1980s. Unfortunately, due to the dogma in adult
neurogenesis, these findings were ignored in the field of neuroscience. These articles saw the
light of the day after the development of novel methods for labeling newly generated cells such
as BrdU, immunohistochemical marker and retrovirus. Now it is well accepted that NSPCs
exist in the two areas of the brain, the dentate gyrus (DG) of the hippocampas and the
subventricular zone (SVZ), whose projection through the rostral migratory stream to the
olfactory bulb?(Fig.9).

In addition to DG and SVZ, it was reported that NSPCs exist in layer 1 of adult
mammalian cortex’. NSPCs in layer 1 produced GABAergic neurons by mild ischemia surgery.
Ohira et al. injected retrovirus vector into layer 1 and white matter. Then the brain sections
were stained with GABAergic neuron maker (GAD67) and Cell cycle maker (Ki67). Triple
positive cells (Ki67, GAD67 and GFP) meaning proliferating GABAergic neuron were found in
and beneath layer 1. Ischemia treatment increased not only the number of the cells but also
GADG67 and GFP positive with Ki67-negaive cells meaning exist cell cycle after proliferation in
layers 2—6, which are supposedly NSPCs in layer 1 exited from cell cycle and migrated from
layer 1 to layers below. They injected retrovirus vector into the white matter on the mild
ischemia condition, but few newly generated neurons were found in cortex. The NSPCs might

be derived from GE because they were stained with Nkx2.1 and MafB, which are GE markers.
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Fig. 9 (A) The Neurogenesis area in the adult mouse brain. Red: the subgranular zone (SGZ) of
the dentate gyrus (DG) in the hippocampus and the subventricular zone (SVZ) of the lateral
ventricles. (B—E) BrdU (red) and NeuN (green) staining (B) Olfactory bulb, (C) Rostral migratory
stream, (D)SVZ, and (E)DG. (F and G) Newborn neurons labeled by retrovirus-mediated
expression of green fluorescent protein (GFP). The arrows are high-magnificationred,

NeuN(Red), GFP(green), DAPI(blue). (FH.Gage et al, Cell., 22;132(4):645—-60., 2008)
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Fig.10 The neurogenesis in layer 1 of adult rat brain. (A, B) Distribution of Ki67 and Gad67
positive cells in the ischemic rat brains. (C) A diffuse of the injected solution of a Hoechst 33258
was limited at layer 1. Arrowheads: injection sites. Scale bar: 500 um. (D) Schematic of the
injection in layer 1 and (E) white matter of somatosensory cortex. (E) Time course of the
newborn neurons labeled by retrovirus-mediated expression of green fluorescent protein (GFP).
(F) Laminar distribution of GFP+ cells at 4 weeks after mild ischemia (*P < 0.05, two-way

ANOVA followed by Tukey's post hoc test,). (Ohira et al., Nat. Neurosci., 13(2):173-9., 2010)
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Chapter 2

Effect of 532 nm LLI on proliferation of glioblastoma A-172
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2.1 Introduction

In our previous study, we used human-derived glioblastoma A-172 cells which is
brain cancer cells. Results showed that 808 nm LLI delayed cell cycle™ and 405 nm LLI
promoted cell death™. Thus we investigated how 532 nm LLI effect on proliferation of

glioblastoma A-172 cells. In addition, ATP level in A-172 after LLI were examined.

2.2 Materials and Methods

2.2.1 Cell culture of glioblastoma (A-172)

The human-derived glioblastoma A-172 cell line was obtained from JCRB (#0228). The
cells of subculture were cultured in T25-flasks, 25 cm?2 canted neck and vented cap. Cultured
medium was prepared based on DMEM (Dulbecco’s Modified Eagle Medium) and added
streptomycin, penicillin, HEPES and sodium bicarbonate (Table 2). The medium was pH
adjusted to 7.0 (Recommended working pH is 7.0—-7.4. Because DMEM will become more alkali
while doing filtration, pH?7.0 is appropriate). Sterile containers by membrane filtration with
0.22 um filter using the pump to make a positive pressure. 10% fetal bovine serum (FBS) was
added to pre-warmed DMEM medium. The frozen A-172 cells in cryotube were rapidly thawed
in 37°C water bath and added to 10 ml 10% FBS-DMEM medium. The medium containing cells
were moved into T-25 flasks, and incubated in an atmosphere of 5% COs, 95% air at 37°C. Next
day, all medium were replaced to remove the dead cells. During the subculture, the medium
was changed once every three days to maintain cell growth. Trypsinization was performed
using 0.1% trypsin-PBS once the cells reached 80% confluency (106 cells). Cells were plated in
35 mm dish (Sumitomo Bakelite Co. Ltd., Tokyo, Japan), 96-well plates (Sumitomo Bakelite Co.
Ltd., Tokyo, Japan), or LAB-TEK Chamber Slide (Nalge Nunc International, New York, USA)
with 10% FBS-DMEM medium at 6x102 cells/ml. To cryopreserve the cells, cells with 10%
DMEM, 20% FBS in DMEM medium were added to cryotube and keep into the BICELL
(NITHON FREEZER) for 12—-16h at -80°C, and stored at the preferential box.
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Table 2 The preparation of DMEM medium

Contents Store Volume
DMEM (powder) 4°C 6.7 g
Streptomycin RT 0.050 ¢
Penicillin RT 0015 ¢
HEPES RT 175 g
NaHCO, RT 185¢
ddH,0 RT 450 ml
After adjust pH7.0, add H,0 till 500 ml

2.2.2 Laser irradiation method

The experiment of laser irradiation was conducted in a clean bench. Two hot plates were
put in clean bench to heat until 37°C and the hot plates switched on keeping warm to incubate.
The CulturePal CO2 (Cosmobio Co. Tokyo, Japan) and the Gas-tight container were used in
order to keep 5% COz during LLI irradiation. Then a preliminary experiments was carried out
whether cells are able to culture under this environment or not. The cultured cells put in
CulturePal CO2 which is instrument as a transport for cultured cells. The condition of
CulturePal COz under the 37°C at clean bench was compared with CO2 incubator (normal
condition). The cell morphology and proliferation in the CulturePal CO2 were same as normal
condition in CO2 incubator. A diode laser apparatus (Nd:YVO4, CW, 532 nm, 0-180 mW) was
placed in the clean bench. The laser beam was reflected on a mirror and introduced to cells
from the top of the dish. The averaged power was 60 mW measured by power meter, and the
irradiated area was 7.1 mm?2, the calculated power density was 845 mW/cm?2. In experimental
group, the center of dish or well was irradiated for 20, 40 and 60 min with an energy density of

10.1, 20.3, 30.4x102 J/cm2, respectively.
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2.2.3 Cell counting by microscopic observations

On the day following plating, culture wells on the clean bench maintained at 37°C and in
an atmosphere containing 5% CO2 were photographed with a digital camera before LLI. After
taking photographs, the plate was returned to the incubator. Photos were taken immediately
after LLI, and 24 and 48 h after LLI. The photos were displayed on a PC monitor and cells were

counted per unit area in all areas including the directly irradiated area (Fig. 11).
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Fig. 11 Schematic diagram of cell counting

2.2.4 Cell viability by MTT Assay

Cell viability was measured by the MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
-2H-tetrazolium bromide) colorimetric assay.

The A-172 cells were plated at 0.3 x 104 cells/well in a 96-well plate (200 pl/well) and
incubated for 12 hours. At 48 h after LLI, the culture medium was removed, and 200 ul of fresh
medium containing 20 ul of MTT (6 mg/ml; Sigma-Aldrich Japan, Tokyo, Japan) was added to
each well. The cells were incubated at 37°C for 3 h. Colored precipitates were extracted with
100 pl of acidic isopropanol at room temperature for 1 h, and the absorbance was measured at

570 nm using a plate reader.
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2.2.5 Analysis of ATP level in cell lysate

An ATP/ADP ratio assay kit (EnzyLightTM, BioAssay Systems, CA, USA) was used to
quantify ATP amount. A-172 cells were plated at 0.5x104 cells/well in a 96-well plate (200
ul/well) and incubated for 12 hours. The culture medium was removed after LLI. 90 ul ATP
reagent was added to each 96-well and mixed by tapping the plate. After 1 min, luminescence
(RLU A) was read on a luminometer (ATTO BIO-INSTRUMENT, Tokyo, Japan). 10 minutes
after measuring RLU A, the luminescence of samples was read again (RLU B). This
measurement provides the background prior to measuring ADP. Immediately following RLU B
measurement, 5 ul ADP reagent was added to each well and mixed by pipetting up and down.
After 1 min, luminescence (RLU C) was read for ADP level. The following formula was used to

calculate ATP/ADP ratio: (RLU C — RLU B)/RLU A.

2.2.6 Statistical analysis
All values were presented as mean + SD. Student’s two-tailed non-paired t-test and

one-way ANOVA were used to analyze statistical differences between 2 groups or among

multiple groups, respectively.
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2.3 Results

2.3.1 Effects of 532 nm LLI on the number of A-172 cells

We have examined if LLI affects the proliferation of A-172 cells grown in culture. The
cells were plated at 0.3 x 104 cells/well in 96-well plates and were irradiated with 532 nm LLI
for 0 (no LLI: control), 20, 40, and 60 min. The number of cells remaining at 24 and 48 hours
after LLI was counted and compared to that before LLI (Pre-LLI) (Fig. 12). At 24 h after LLI,
the proliferation ratio, the number of remaining cells after LLI normalized to that of untreated
control, was 110+14%, 111+16%, or 111+17% for 20 min, 40 min, or 60 min LLI, respectively
(Fig. 12B-left bars, no significances among any groups). At 48 h, they were 158+15% for control,
170+19%, 175+18%, or 180+12% for 20 min, 40 min, and 60 min LLI, respectively (Fig. 12B,

right bars, n = 12, p<0.05 for 20 and 40 min LLI, p<0.01 for 60 min LLI).

In addition to cell counts, we also used a calorimetric method to quantify the
proliferation and survival in cell culture using the MTT assay. The mean optical density at 570
nm at 48 hours after 40 or 60 min LLI increased significantly over non-irradiated control (Fig.

12C, n = 16, p<0.01 for 40 and 60 min LLI), while little change was observed with 20 min LLI.
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Fig. 12 Effects of LLI on the number of A-172 cells.

A: Sample images of A-172 cells under light microscope. The number of cells increased 48 h
post-LLI (right column) after 20, 40, 60 min LLI compared to pre-LLI (left column). Cal.: 100 pm.
B: Proliferation ratio (the ratio of cell number at 24 or 48 hours following LLI and cell number
before LLI) was normalized to control (no LLI) (n = 12 for each group). C: A summary of
colorimetric analysis by MTT staining performed at 48 h after LLI (each group: n = 16). The
optical density of each group was normalized to the value of control group (no LLI) at 48 h after

initial condition. Asterisks: one-way ANOVA, * p<0.05, ** p<0.01.
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2.3.2 ATP Level in Cell Lysates

To test the possibility that LLI-induced cell proliferation involves ATP elevation, we
examined ATP level in cell lysates using ATP/ADP ratio assay kit (Fig.13). Mean luminescence
after 60 min 405 nm LLI decreased significantly over that of control group (p<0.05, n = 5),
while little changes were observed for 20 or 40 min 405 nm LLI groups. And mean
luminescence after 60 min 532 nm LLI increased significantly over that of control group
(p<0.05, n = 5), while little changes were observed for 20 or 40 min 532 nm LLI groups. 660 nm

LLI did not affect to ATP level in each irradiation time.
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Fig. 13 Effects of LLI on ATP level in cell lysates. The ATP/ADP ratio measured using a
luminescence-based assay for control and for 20, 40 and 60 min LLl. The luminescent
densities for ATP and ADP were measured 48 h after LLI treatment. The ATP/ADP ratio was
calculated and averaged (n = 5). Asterisks: one-way ANOVA, * p<0.05.
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2.4 Discussion

In the present study, using conventional cell counting and the colorimetric MTT
assay, we demonstrate that 532 nm LLI (60 mW) significantly increased viability of
human-derived glioblastoma A-172 cells. The effect showed a LLI dose-dependency with 60
min LLI being the most effective for cell proliferation. These findings contrast to studies using
LLI of other wavelengths in the same cell type. The infrared 808 nm LLI delayed cell cycle and
suppressed cell proliferation, and the 405 nm LLI promoted the cell death in A-172 cells™.
Thus, the effect of LLI on the cell proliferation appears to depend on the wavelength. Indeed,
LLI wavelength-dependent effects were previously reported in various cell types™.

Different effects of LLI wavelength on cell proliferation and survival may depend on
photoacceptors present in mitochondria, especially those in the mitochondrial respiratory
chain™. Primary photoacceptors include cytochromes c¢ oxidase (red and near-infrared light
region), NADH-dehydrogenase (blue spectral region), and cytochromes b, c1 and ¢ (green light
region). Their cofactors are porphyrins (for cytochrome c oxidase and cytochromes b, c1 and c),
or flavins (for NADH-dehydrogenase), respectively”™. These photoreceptors and cofactors
contribute to the generation of ATP, a critical source of chemical energy in cells. Mitochondria
are the center of many diverse cellular functions such as signaling, cellular differentiation, cell
death, as well as the control of the cell cycle and cell growth?. Thus photoacceptors in
mitochondria upon light absorption may regulate the level of ATP to support cell survival.
However, considering that LLI has different biological effects on different cells, it is difficult to
conceive that the regulation of mitochondrial photoacceptors is the only mechanism underlying
LLI-mediated cell proliferation. It is likely that final consequences of specific photobiological
effects are determined not at the level of primary reactions in the mitochondrial respiratory
chain but based on secondary cellular signaling™. It will be important to characterize how

proteins and enzymes expressed in each cell type contribute to photobiological effects.
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3.1 Introduction

We found 532 nm LLI increased cell proliferation of A-172 cells. Then we investigated
how 532 nm LLI affect to intracellular mechanisms. We focused on Notch-Pten-Akt pathway
mediated by GS.

3.2 Materials and methods

3.2.1 Immunofluorescent staining method

The cells were rinsed three times with PBS after LLI. They were fixed with 4% PFA,
treated with 0.1% Triton X-100 and blocked by 1% BSA-PBS. Primary antibody against
phospho-Thr308-Akt (1:800, Cell Signaling), phospo-Ser473-Akt (1:800, Promega),
phospho-Ser380/Thr382/383-PTEN (1:100, Cell Signaling), or AB-Amyloid (1:50, Cell Signaling)
was added and left overnight at 4°C. Next day, secondary antibody (Rhodamine, FITC) was
added and incubate for 3 h under room temperature. After washing with PBS, glycerol was
added and cover glass was put on. Stained cells were observed by a fluorescent microscope
(BZ-9000, KEYENCE, Tokyo, Japan). The center of each well was photographed with same
exposure time using a 20x objective lens after focusing on cells under phase contrast. The
maximum intensity in irradiated area was measured using an optional software (BZ-analysis
application, KEYENCE) without applying any image enhancement. However, the haze

reduction was used to make fluorescent images clearer.
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3.2.2 Pretreatment cells with y-secretase inhibitor (GSI)

DAPT, a typical agent of GSIs, was cryopreserved at 1 mM in DMSO. DAPT was
added directly to FBS-DMEM medium at 25 pM and applied to cells 3 h before LLI. DMSO (1%

in the medium) showed harmless effects in preliminary experiments (data not shown).

3.2.3 Laser irradiation method

A diode laser apparatus (Nd:YVOs, CW, 532 nm, 0-180 mW) was used. The
experiment was conducted in a clean bench under 37°C and 5% COsz. The laser beam was
reflected on a mirror and introduced to cells from the top to the bottom. The averaged power
was 60 mW and the irradiated area was 7.1 mm?2, thus the power density was 845 mW/cm2. In
experimental group, the center of dish or well was irradiated for 20, 40 and 60 min with an

energy density of 10.1, 20.3, 30.4x10? J/cm?, respectively.

3.2.4 Cell culture of glioblastoma (A-172)

The human-derived glioblastoma A-172 cell line was obtained from JCRB #0228).
The cells were cultured in 25 cm? flasks with DMEM containing 10% fetal bovine serum and
incubated in an atmosphere of 5% CO2, 95% air at 37°C. The medium was changed once every
three days to maintain cell growth. Trypsinization was performed using 0.1% trypsin-PBS once
the cells reached confluency (106 cells). Cells were plated in 35 mm dish, 96-well plates
(MS-8096F, Sumitomo Bakelite Co. Ltd., Tokyo, Japan), or LAB-TEK Chamber Slide (Nalge

Nunc International, New York, USA) with 10% FBS-DMEM medium at 6x103 cells/ml.
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3.2.5 Statistical analysis

All values were presented as mean + SD. Student’s two-tailed non-paired t-test and
one-way ANOVA were used to analyze statistical differences between 2 groups or among

multiple groups, respectively.

3.3 Result

3.3.1 Expressions of p-Akt and p-PTEN by 532 nm LLI

To examine possible involvement of Akt signaling in the LLI-mediated proliferation,
we investigated Akt as well as PTEN activation (Fig. 14). Anti-phosphorylated Akt (p-Akt)
antibodies detect activated (phosphorylated) Akt molecules, while anti-phosphorylated PTEN
(p-PTEN) antibodies detect PTENs that removed the phosphate group from activated
phosphoinositides and retained it. With 20 min LLI, the intensity of p-PTEN
immunofluorescence did not change significantly (95+2% of control). However, with 40 and 60
min LLI, the p-PTEN immunofluorescence intensity decreased significantly over control
(88+5%, p<0.05, for 40 min; 87+3%, p<0.05, for 60 min) (n = 120:4 experiments and 30 selected
cells each). In contrast, p-Akt immunofluorescence intensity significantly increased (122+4%,

129+1%, and 185+8% for 20, 40, and 60 min LLI over control, p<0.05 or p<0.01).
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Fig. 14 Immunofluorescent staining of Akt and PTEN. A: The LLI effects on immuno-
fluorescence staining of p-PTEN and p-Akt in cultures cells (bottom). Corresponding
phase contrast micrographs are shown on top of each fluorescent image. It should be
noted that tumor cells normally proliferate in high proportions and p-Akt is often highly
expressed in cancer cells of different natures, whereas our result of control group shows
low level of p-Akt expression due to haze reduction. Cal.. 100 mm. B: Average
fluorescence intensity for p-PTEN or p-Akt normalized to the control value. Asterisks:

one-way ANOVA, * p,0.05, ** p,0.01.
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3.3.2 Effects of a combined application of GSI and LLI on cell proliferation

DAPT, a typical agent of GSIs, has been previously shown to retard cell proliferation
by reducing generation of ICN. We also tested this agent in A-172 cells in 13 experiments. At
24 h after LLI, the standardized proliferation ratios were 178+16% for control group, 196+26%
for experimental group which received 60 min LLI only, 144+9% for pretreated group with GSI,
and 186+8% for group received both applications, respectively. At 48 h after LLI, they were
282427, 302+37, 168+4, and 216+16%, respectively (Fig. 15). There were statistical
significances between some pairs of groups as shown in Fig. 15 (p<0.01 or p<0.05). It is worthy
of note that the LLI was able to rescue the DAPT-induced reduction of cells by approximately

(186-144 =) 42% at 24 h and (216-168 =) 48% at 48 h after LLI.
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Fig. 15 Effects of LLI, DAPT and combined application of both on cell proliferation.
Proliferation ratios for each group at 24 h and 48 h after LLI for control (white bars), 60 min
LLI (light grey bars), DAPT (grey bars) or the combination of LLI and DAPT (dark grey
bars) are shown. Asterisks: one-way ANOVA, * p,0.05, ** p,0.01.
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3.3.3 Effects of LLI on Intracellular Signaling Molecules under GSI

Fig. 16A describes the action of GS in relation to Notch and APP processing. GS
cleaves Notch as well as APP at plasma membrane, making ICN and AB, respectively. When
GS is inhibited by GSI, ICN level will be reduced and PTEN expression will increase, resulting
in suppression of Akt signaling pathway and in inhibition of cell proliferation and survival (Fig.
16B). Similarly, AB level will decrease as more uncleaved APP will remain.

We next tested if the LLI-mediated rescue of GSI-induced reduction in cell number
(Fig. 15) involves activation of Akt and the reduction of PTEN. As described above, A-172 cells
were treated with DAPT for 3 hours, exposed to LLI for 20, 40, and 60 min, and fixed at 15 min
for the immunofluorescent staining of p-Akt and p-PTEN (Fig. 16C). Immunofluorescence
intensity was quantified for each protein and normalized to non-DAPT treated control (Fig.
16D) (n = 120! 4 experiments and 30 selected cells each). As expected, DAPT treatment
increased the expression of p-PTEN (114+3% when standardizing untreated control as 100%,
p<0.01), suggesting that PTEN expression has increased due to inhibition of GS and reduction
of ICN. We also examined if soluble AB is reduced by immunofluorescent staining using anti-AB
antibodies. As would be expected for the inhibition of GS, AB was reduced in DAPT-treated
cells (82+1%, p<0.01). We then tested if LLI could alter the expression of p-PTEN as well as AB.
Simultaneous application of 20 min LLI reduced p-PTEN to the control level, but did not affect
already reduced AB level. Effects of 40 and 60 min LLI were similar to 20 min LLI. These data
suggest that LLI, within 20 min, acts specifically on the Notch pathway to reduce PTEN
expression, but does little to the APP processing and homeostasis of AB.

Immunofluorescence intensity of p-Akt was reduced slightly from the control level in
DAPT-treated cells (94+1%, p<0.01). This decrease was rescued by LLI. With 20 min LLI, the
immnofluorescent staining of p-Akt was recovered to the control level. With 40 and 60 min LLI,
the intensity significantly increased 112+21% (p<0.01) and 137+36% (p<0.01) above the control
level, respectively. These data suggest that LLI could recover DAPT-induced reduction of p-Akt

in a dose-dependent manner.
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3.4. Discussion

The present study focused on the effect of LLI on the Notch-PTEN-Akt pathway in
glioblastoma. We showed a reciprocal expression of p-PTEN inactivation and p-Akt activation
in Fig. 14. Previous work of others showed the effects of LLI on the mitogen-activated protein
kinase (MAPK) pathway’ and the ROS-Src pathway™. To our knowledge, this is the first to
report that LLI at any wavelength influenced the Notch pathway. Previously, it was suggested
that Akt plays a key role for cell survival and proliferation’. Using FRET, it was
demonstrated that 632 nm LLI increased cell proliferation via the activation of Akt signaling
pathway3?. It was also reported that 632.8 nm LLI inhibits the expression of p218V, a molecule
that arrests the cell-cycle, and enhances the cell-cycle progress via its phosphorylation by Akt
82, Recent investigations implicate an important role of Akt in mitochondria for the regulation
of cell growth. The expression level of Akt in mitochondria is dynamically regulated by cellular
signaling activities?, and Akt mediates mitochondrial protection in cardiomyocytes®?.
Importantly, Akt suppresses apoptosis signaling independent of cytosolic Akt in cardiac muscle
cells®”. Considering a number of studies addressing the effects of LLI on mitochondrias®, our
study may have revealed Akt as an interesting link between LLI and mitochondria.

GSI has been proposed for the treatment of Alzheimer’s disease because its inhibition
of GS will decrease the generation of intracellular AB, a potential culprit in Alzheimer’s disease
8D, However, GSI treatment will also cause a side effect in healthy cells in Alzheimer’s disease
patients since GSI will prevent the normal processing of Notch, whose cleavage by GS at
plasma membrane generates ICN, a PTEN suppressor and an Akt enhancer, promoting cell
survival®889, In this study, we observed that GSI down-regulated AB and upregulated PTEN,
suppressing Akt activation and depressing cell proliferation and cell survival as predicted from
previous studies. We also showed that 532 nm LLI was able to decrease PTEN expression of
GSI-pretreated cells and to increase Akt expression of those cells while keeping AB suppressed.
We further demonstrated that the LLI rescued the depression of cell proliferation and even
induced further growth. Thus, LLI may be useful to prevent the side effect in the Alzheimer’s
disease treatment using GSI. Future studies will examine the combined administration of GSI

and 532 nm LLI in animal models of Alzheimer’s disease in vivo.
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4.1 Introduction

Since 532 nm LLI increased A-172 cells in chapter 3, we investigated whether 532 nm

LLI promote proliferation of cultured NSPCs. NSPCs were purified from mouse embryo.

4.2 Materials and methods

4.2.1 Neural Stem/Progenitor Cell (NSPC) primary culture

NSPC primary culture was performed according to the neurosphere methods. During the
development of mouse cerebral cortex, the progenitor amplification occurs from E9 and
neurogenesis starts from E11. After E18, the genesis of astrocytes and oligodendrocytes occurs
along with maturation of neurons. Therefore, primary NSPCs were prepared from the MGE or
cortical cerebral wall of E10.5, E14.5 and E16.5 mouse forebrain. Pregnant mice were
sacrificed by cervical dislocation, embryos were removed, and their brains were dissected in
PBS on ice. The brain tissue from each embryo was incubated in 2.5% trypsin for 30 min at
37°C water bath and then transferred to culture medium consisting of DMEM/F12 (Table 3)
supplemented with 100 pg/ml transferrin, 30 M selenium, 10 pg/ml heparin, 25 pg/ml insulin,
and 20 ng/ml basic fibroblast growth factor (Table 4). The cells were cultured at a density of 1 x
10% cells/ml in uncoated plastic 35 mm dish. The next day, suspension cells along with the
medium was placed in a new dish to exclude differentiated cells adhered to the bottom of the
dish, and the same volume of new medium was mixed. After NSPCs had been cultured for 3
days, resulting in forming neurospheres, each neurosphere was transferred to 96-well plates
with round-bottom (Sumitomo Bakelite Co. Ltd., Tokyo, Japan), and then was used for LLI
experiment. When neurospheres were transferred under the microscope by a pipette, we

selected those that are non-adherent and sphere-shaped as NSPCs.
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Table 3 DMEM/F12 Medium

Table 4 Supplement

Contents Store Volume Concentration
Contents i Volume
DMEM (powder) 4°C 33g Stock Final
F12 (powder) 4°C 33¢g Transferrin | 30 mg/ml 100 ¢ g/ml | 13.32 x|
Streptomycin RT 0.050 g Selenium 3uM 30 nM 40 (|
Penicillin RT 0015 ¢ Heparin 2 mg/ml 10 1 g/ml 20 (|
HEPES RT 175 ¢ Insulin 25 mg/ml 25 pg/ml 4 1l
NaHCO, RT 185 ¢ bFGF 20 g/ml 20 ng/ml 4 1l
ddH,0 RT 450 ml DMEM/F12 4 ml

4.2.2 Proliferation analysis and migration analysis in culture

Cell proliferation rate was measured by Cell Counting Kit-8 (CCK-8) colorimetric assay
(Dojindo Co. Tokyo, Japan). At 24 or 48 hours after LLI, 10 ul of the CCK-8 solution was added
to each well. The cells were incubated at 37°C for 4 hours. The absorbance at 450 nm was
measured using a microplate reader (model 680, BIO RAD, Tokyo, Japan). Neurospheres were
photographed with a microscope (BZ-9000, KEYENCE, Tokyo, Japan), and then single cells
obtained from trituration of neurospheres were stained with DAPI and photographed.

For migration assay, polycarbonate membrane inserts with 8 pm pore size (Corning
Trans-well: Sigma) was used. After LLI, cells on the lower side of the insert filter were fixed
with 4% paraformaldehyde for 40 min, permeabilized with 0.1% Triton X-100 for 5 min, and
preincubated with blocking solution (1% bovine serum albumin, 1% goat serum in PBS)
followed by a primary antibody against GAD67 (1:1000, Millipore) incubation overnight at 4°C
and a secondary antibody (Rhodamine- or FITC-conjugated) incubation for 3 hours under room
temperature. Cells were stained with Hoechst 33342 (Sigma) for 20 min. The number of cells
on the lower side of the filter was counted under a microscope. Images were analyzed using an

optional software for neurosphere size and the number of nuclei.
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4.2.3 Western blotting

Samples from cultured cells were homogenized with a lysis buffer (10 mM Tris HC1, 1 mM
EDTA, 1 mM sodium orthovanadate, 1mM PMSF, 2.5 mM sodium pyrophosphate, 1 mM
B-glycerophosphate, protease inhibitor cocktail (Sigma), and 1% Triton X-100). Protein
concentration was determined by BCA assay or micro BCA assay (Thermo). Homogenates were
mixed with a 5x sample buffer: 312.5 mM Tris (pH6.8), 50% glycerol, 10% SDS, 5%
B-mercaptoethanol, 0.00625% bromophenol blue. An equivalent amount of samples were loaded
and separated by 10% polyacrylamide gel electrophoresis and transferred to PVDF transfer
membranes (Immoblin-P, Millipore). Membranes were blocked with a blocking solution
containing 5% non-fat dry milk (SACO Foods) and 5% protease-free bovine serum albumin
(EQUTECH-BIO) in TBS-T (50 mM Tris-buffered saline with 0.1% (v/v) Tween-20)) for 60 min
at room temperature. After washing with TBS-T, membranes were incubated with primary
antibodies (mouse anti-phospho-Akt, 1:1000, CST; mouse anti-Akt, 1:1000, CST; mouse
anti-B-Actin, 1:1000, rabbit anti-GAPDH, 1:1000, Sigma) diluted in same the blocking solution
at 4°C overnight. Following washing with TBS-T, membranes were incubated with secondary
antibodies (HRP-conjugated anti-rabbit IgG, Jackson; HRP-conjugated anti-mouse IgG,
Jackson) at 1:1000 for cultured cells. The immunoblots were detected by chemiluminescence
(ECL Prime Western blotting detection regent, BioRad) with a FAS1000 imaging system
(Fujifilm, Tokyo, Japan). The optical density of protein bands was quantified using gel analysis

function of NIH Image J software.
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4.2.4 Laser irradiation method

The experiment of laser irradiation was conducted in a clean bench. Two hot plates were
put in clean bench to heat until 37°C and the hot plates switched on keeping warm to incubate.
The CulturePal COz (Cosmobio Co. Tokyo, Japan) and the Gas-tight container were used in
order to keep 5% CO2 during LLI irradiation. Then pre-experiment was carried out whether
cells are able to culture under this environment or not. The cultured cells put in CulturePal
CO2 which is instrument as a transport for cultured cells. The condition of CulturePal CO2
under the 37°C at clean bench was compared with CO2 incubator (normal condition). The cell
morphology and proliferation in the CulturePal CO2 were same as normal condition in CO:2
incubator. A diode laser apparatus (Nd:YVO4, CW, 532 nm, 0-180 mW) was placed in the clean
bench. The laser beam was reflected on a mirror and introduced to cells from the top of the dish.
The averaged power was 60 mW measured by power meter, and the irradiated area was 7.1
mm2, the calculated power density was 845 mW/cm2. In experimental group, the center of dish
or well was irradiated for 20, 40 and 60 min with an energy density of 10.1, 20.3, 30.4x102

J/em2, respectively.

4.2.5 Statistical Analysis

Values were presented as mean + SD or mean + SEM as indicated. Student’s two-tailed

unpaired t-test or non-parametric Kolmogorov-Smirnov 2-sample test (KS test) was used to

analyze statistical differences between 2 groups or among multiple groups, respectively.
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4.3 Result

4.3.1 LLI effect on cell proliferation of cultured NSPCs derived from E10

forebrain

To examine the LLI effects on NSPCs of different types, we prepared neurospheres from
E10 forebrain, which generate excitatory neurons, and those from E14 MGE, which generate
inhibitory GABAergic neurons (Fig. 17A). Using the CCK-8 assay, which allows biochemical
determination of cell proliferation rates, we observed that 60 min LLI promoted proliferation of
neurospheres derived from E10 forebrain but not derived from E14 MGE (Fig. 17B).
Additionally, LLI significantly increased the number of dissociated cells prepared from E10
forebrain compared with control as determined by DAPI staining (Fig 17C). These data suggest
that LLI induces proliferation of NPSCs that generate excitatory neurons, but not NPSCs that
become GABAergic neurons, supporting the idea that LLI induces migration, not proliferation,

of GABAergic cells in Al.

4.3.2 LLI effect on cell migration of cultured NSPCs derived from E14 MGE

We then examined whether LLI can induce cell migration in vitro. NSPCs were collected
from E16 cortex (Fig 18A), which included excitatory and inhibitory NSPCs. Neurospheres
were cultured in trans-well plates and received LLI from above (Fig 18B). At 48 h after LLI,
GADG67-positive cells, but not GAD67-negative cells, were found beneath the trans-well
membrane only in LLI group (Fig 18C). LLI increased the number of GAD67-positive cells
about 3-fold. No GADG67-negative cell was found to be migrating, however. These data suggest
that LLI could induce cell migration on inhibitory GABAergic neurons, which is consistent

with in vivo experiments above.
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Fig. 17 LLI effects on proliferation of NSPC cells from E10 forebrain and E14 MGE.
A: Location of brain parts dissected for making neurosphere of NSPCs. “a” shows
cortical wall of E10 forebrain, which generates excitatory neurons, whereas “b”
shows E14 MGE, which generates GABAergic neurons. B: CCK-8 assay to show
biochemically cell proliferation for different duration of LLI (mean + SD, n = 4 for
each duration, t-test, *p < 0.05). The non-irradiated group was standardized as
100%. C: Cell counting of DAPI staining to clarify the increase in cell number
following the dissociation from neurospheres. LLI significantly promoted

proliferation (mean + SD, n = 5, t-test, *p < 0.05).
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Fig. 18 Trans-well migration experiments. A: Location of brain parts dissected for making
neurospheres of NSPCs. Label “c” shows the cortex of E16, which includes NSPCs of
excitatory and GABAergic neurons. B: Method of trans-well migration test. Bottom
membrane of inserted trans-well has pores of 8 ym diameter. Neurospheres derived from
“c” were placed on insert trans-well, and 532 nm laser was irradiated from above the media.
Cells were fixed by 4% PFA at 48 h after LLI. C: A cell that moved through the pores
stained by GADG67 (red) and Hochest (blue). Holes in the Hochest image are the pores of
trans-well. Scale bar: 10 um. Double positive cells were found only in the LLI experimental

group (mean + SD, n =4, t-test *p < 0.05).
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4.3.3 LLI effect on pAkt and Akt expression of cultured cells

To test whether Akt is activated in GABAergic NSPCs, the level of phosphorylated Akt
(pAkt) and Akt expressions on cultured NSPCs were examined using Western blot techniques
(Fig 19B). LLI increased Akt expression but induced little changes in the phosphorylation state
of Akt on NSPCs derived from the E10 forebrain (Fig 19C).

) — TBS wash Micro BCA assay
o " Westemn blotting
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Fig. 19 LLI effects on pAkt and Akt expression of cultured cells. A: schematic diagram of
making sample in vitro. B: Western blot analysis of neurosphere lysates from post-LLI (4
hours) of E10 forebrain. C: Quantification of blots. Each blot intensity was normalized to

GAPDH of loading control (mean + SD, n = 3, t-test *p < 0.05).
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4.4 Discussion

We observed that 60 min 532 nm LLI promoted proliferation of neurospheres derived
from E10 forebrain but not derived from E14 MGE. LLI induces proliferation of NPSCs that
generate excitatory neurons, but not NPSCs that become GABAergic neurons. We then
examined whether LLI can induce cell migration in vitro. At 48 h after LLI, GAD67-positive
cells, but not GAD67-negative cells, were found beneath the trans-well membrane only in LLI
group. LLI increased the number of GADG67-positive cells. In addition, Akt and pAkt in

neurosphere were enhanced by 532 nm LLI.

How could the 532 nm LLI affect Akt signaling pathway? The mechanism of LLI
including other wavelength may depend on photoacceptors in the mitochondrial respiratory
chain 9. 9, However, considering that LLI induced different biological effects of cell
proliferation on different cell types such as glioblastoma, skin cells??, and NSPCs in this study,
it i1s difficult to conclude that the regulation by mitochondrial photoacceptors is the only
mechanism underlying LLI-mediated cell proliferation, differentiation and migration.

Another possibility cannot be excluded, such as direct photochemical influence on the
extracellular factors that can provide molecular cues to those developmental events. There are
many reports that extrinsic cues, including cell-cell interactions and secreted molecules, are
key determinants of NSPC fate. Neurotrophic factors such as platelet-derived growth factor,
brain-derived neurotrophic factor, and glial cell line-derived neurotrophic factor are known to
promote neuronal fate, where the selective expansion of neuronal progenitors and the
enhancement of the survival of neurons (or their progenitors) have been reported?-9. Several
reports also showed that LLIs affect the release of various types of growth factors to induce
beneficial effects9”99. Therefore, it is possible that 532 nm LLI influences the Akt signaling

pathway via activation or inactivation of growth factors or cytokines.
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532 nm LLI facilitates migration of GAD67 positive NSPCs in
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5.1 Introduction

We investigated whether transcranial LLI affect NSPCs in adult mouse brain. 532
nm laser was irradiated after surgery of mild ischemia due to induce proliferation of NSPCs in

layer 1 of cortex.

5.2 Materials and Methods

We performed all experiments in accordance with the Declaration of Helsinki and the
Guidelines of Animal Use Committee at Soka University. The name of Committee which
approved this study plan is The Soka Bioethics Committee for Life-science. Animals were
housed in facilities with a 12/12 h light/dark cycle. For in vivo or in vitro experiments, the
adequate procedures including anesthetics and methods of sacrifice so as to make the suffering

at the lowest level were approved by the Committee and described in each section.

5.2.1 Transient mild ischemia

Adult FVB mice (>60 postnatal days) were anesthetized with N2O/Oz gas, placed on a
heating pad with supine position. A midline of the neck was opened, and common carotid
artery (CCA) was separated from the surrounding tissue. Then bilateral CCAs were occluded
by floss for 10 min (experimental group) or not occluded (sham control group). After suturing,

2% lidocaine was applied, and waited until awakening (Fig. 20).
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Fig. 20 Surgery of CCAO in FVB mouse. A: instrument for surgery, B—F: CCAO surgery. G, H:

occulusion, |: suturing. J: swabbing the 2% lidocaine to relief of the pain.
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5.2.2 Laser Irradiation Method

A diode laser apparatus (Nd:YVO4, CW, 532 nm, 0-180 mW: SUWTECH, LDC-2500,
China) was used in all experiments. The power measured in front of irradiated cortical surface
was 60 mW on average and the irradiated area was 7.1 mm?2; thus the power density was 845
mW/cm2. Irradiation time was 60 min for experiments in vivo and 20, 40 and 60 min for
experiments in vitro with an energy density of 10.1, 20.2, 30.3x102 J/cm?, respectively. For in
vivo experiments, FVB mice were anesthetized with a mixture of nitrous oxide and oxygen gas
(2:3), and fixed on a stereotaxic apparatus. LLI was made perpendicular to the surface of the
temporal skull over the left auditory cortex, while non-irradiated right auditory cortex was

used as a control.

Mouse brain

Auditory
Area

FVB mouse, P60

Control

532 nm Laser (Nd:YVO,)
60 mW, CW, 60 min

Transmittance of skull = 50%

Fig. 21 LLI on FVB mouse brain
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5.2.8 Triphenyltetrazolium chloride (TTC) staining

TTC (triphenyltetrazolium chloride, Wako) staining was used to detect cell death. Briefly,
mice were decapitated after anesthetized with halothane. Brain was immediately taken out
from the skull and placed into an iced PBS for 15 min. Brain was sliced in 2 mm thickness by a
brain slicer on ice. Brain slices were incubated in 2% TTC in PBS at 37°C for 10 min. 10%

formaldehyde was used in order to fix the stained brain slices.

5.2.4 Western blotting

Samples from brain block tissues of auditory area cortex or cultured cells were
homogenized with a lysis buffer (10 mM Tris HC], 1 mM EDTA, 1 mM sodium orthovanadate,
1mM PMSF, 2.5 mM sodium pyrophosphate, 1 mM B-glycerophosphate, protease inhibitor
cocktail (Sigma), and 1% Triton X-100). Protein concentration was determined by BCA assay or
micro BCA assay (Thermo). Homogenates were mixed with a 5x sample buffer: 312.5 mM Tris
(pH6.8), 50% glycerol, 10% SDS, 5% B-mercaptoethanol, 0.00625% bromophenol blue. An
equivalent amount of samples were loaded and separated by 10% polyacrylamide gel electro-
phoresis and transferred to PVDF transfer membranes (Immoblin-P, Millipore). Membranes
were blocked with a blocking solution containing 5% non-fat dry milk (SACO Foods) and 5%
protease-free bovine serum albumin (EQUTECH-BIO) in TBS-T (50 mM Tris-buffered saline
with 0.1% (v/v) Tween-20) for 60 min at room temperature. After washing with TBS-T, mem-
branes were incubated with primary antibodies (mouse anti-phospho-Akt, 1:1000, CST; mouse
anti-Akt, 1:1000, CST; mouse anti-B-Actin, 1:1000, rabbit anti-GAPDH, 1:1000, Sigma) diluted
in same the blocking solution at 4°C overnight. Following washing with TBS-T, membranes
were incubated with secondary antibodies (HRP-conjugated anti-rabbit IgG, Jackson; HRP-
conjugated anti-mouse IgG, Jackson) at 1:10000 for brain tissue. The immunoblots were
detected by chemiluminescence (ECL Prime Western blotting detection regent, BioRad) with a
FAS1000 imaging system (Fujifilm, Tokyo, Japan). The optical density of protein bands was

quantified using gel analysis function of NIH Image J software.
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5.2.5 Immunohistochemistry

For the analysis with 5-ethynyl-2’-deoxyuridine (EdU), animals were intraperitoneally
injected with EAU (50 mg/kg mouse) once after LLI. At 4 hours or 5 days after the LLI, animals
were deeply anesthetized with urethane (1.2 g/kg: Sigma) and xylazine (13 mg/kg: Sigma), and
sacrificed by perfusion with ice-cold PBS and 4% PFA. Brain was removed and post-fixed in 4%
PFA for 2 hours at 4°C. After washing with PBS, coronal sections were prepared at 50 pm
thickness containing the auditory field as identified by Paxino and Franklin’s mouse atlas.
Sections were heat-treated using a water bath with sodium citrate buffer (pH 6) for 30 min at
80°C for antigen retrieval. To detect EdU-incorporated cells using an imaging kit (Click-iT EdU
647, Invitrogen), brain sections were washed twice with 3% BSA in PBS, permeabilized with
0.5% Triton X-100 in PBS, washed again twice with 3% BSA in PBS, then incubated with a
Click-iT reaction cocktail (Table 5). Next, for staining with mouse primary antibodies, sections
were incubated for 1 hour in M.O.M. Mouse Ig blocking reagent (Vector) and then in mouse
anti-GADG67 primary antibody (1:1000, Millipore) in the same blocking reagent. After washing
with PBS, they were incubated with goat blocking solution (5% goat serum, 0.3% Triton X-100
in PBS) for 90 min and then rocked overnight with a rabbit polyclonal antibody against Ki67 in
the blocking reagent at 4°C. The sections were washed with PBS and incubated with secondary
antibodies (Alexa488-anti-rabbit or Cy3-anti-mouse) for 90 min at room temperature. Finally,
nuclei were stained with 5 pg/ml Hoechst 33342 (Sigma) and mounted on microscope slides
using a fluorescence anti-fade medium (Vector Laboratories). After imaging, fluorescence

positive cells in all sections were counted.
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Fig. 22: Principle of Click-iT EdU staining (Invitrogen). EdU is incorporated during
S-phase in cell cycle. Alkune react with Azide.

Table 5 Click-iT Reaction cocktail

Order*® | Reaction components 1 well 5 well 24 well
1 1x Click-iT Reaction Buffer 176 ul 880 ul 4224 ul
2 Copper protectant: CuSO4 4 ul 20 pl 96 pl
3 Alexa Fluor picolyl azide 0.5 ul 2.5ul 12 pl
4 1x Reaction Buffer additive (From Step 5) 20 pl 100 ul 480 pl
Total volume 200.5pl | 1002.5 pl | 4812 pl

*3Note: Add the ingredients in the order listed in the table.

5.2.6 Statistical Analysis

Values were presented as mean + SD or mean + SEM as indicated. Student’s two-tailed
un-paired t-test or non-parametric Kolmogorov-Smirnov 2-sample test (KS test) was used to

analyze statistical differences between 2 groups or among multiple groups, respectively.
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5.3 Results

5.3.1 Effects of transcranial LLI on cell migration of NSPCs induced by CCAO
We first examined the influence of LLI on proliferated NSPCs induced by mild ischemia.
Common carotid artery (CCA) was occluded for 10 min bilaterally, and 24 hours later,
transcranial LLI was made to one side of cranial surface at the stereotaxically determined
location of primary auditory cortex (A1) so as to avoid LLI on the contralateral side (i.e. control
side; Fig 23A). TTC staining indicated that neither LLI for 60 min nor bilateral CCA occlusion
for 10 min induced cell death compared with non-occlusion of sham control (Fig 23B). To
determine if LLI induces cell proliferation, mice were injected with EdU (50 mg/kg mouse, i.p.)
at the end of 60 min LLI and sacrificed by PFA perfusion 4 hours or 5 days after LLI (Fig 23C).
Fluorescent labeling of EAU along with immunofluorescence co-staining against a proliferating
cell marer Ki67 and an inhibitory neuron marker glutamic acid decarboxylase 67 (GAD67)
showed that newly generated EdU positive cells that are also GAD67- and Ki67-immnopositive
cells were present 4 hours after LLI (Post-LLI, Fig 23D). These cells are considered to be
proliferating GABAergic cells generated after LLI and EdU injection. Such cells were found
mostly in layer 1 of A1 [Control: 66.10 + 33.30 cells/mm3, 4h post-LLI: 100.89 + 30.39 cells/mm3
(t-test, p = 0.528)] at this time point. In addition, we could not find any EdU positive and
GADG67 positive cells in non-occluded sham control (3 experiments). This result implicates that
proliferation of NSPCs in the mouse cortex is promoted by mild ischemia as in the rat cortex.
We then looked for the effect of LLI on migration of proliferated cells. After 5 days of LLI,
the number of EAU and GADG67 positive, but Ki67 negative, (EdU+/GAD+/Ki67-) cells was
counted in each layer in irradiated side and control side of Al (Fig 23E). The laminar
distribution pattern in LLI and control group was statistically examined using the
non-parametric KS 2-sample test (Fig 23F), which demonstrated significant difference between
the two groups (n = 4, p < 0.01). The cumulative fractions from layer 1 to layer 4 showed a large
difference (38.2%: 70.7% in control vs 32.6% in LLI) and those from layer 5 to layer 6 also
showed an opposite difference (-38.1%: 29.3% in control vs 67.4% in LLI). Given that the total
cell number in all layers combined showed no significant difference (Fig 23G), these data

suggest that LLI induced “migration” of EdU positive cells from layer 1 to the deep layers.
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Fig. 23 Effects of transcranial LLI on cell migration of NSPCs. A: Scheme of LLI treatment to
adult mouse brain. Auditory cortical area was irradiated on the left side of the cortex through
cranium. The opposite hemisphere was used as a control. B: TTC staining for detecting cell
death. LLI after the mild occlusion of CCA (CCAO) did not induce cell death (left) compared
with sham control (right). C: Protocol for in vivo experiments from CCAO to immunostaining.
Brains were fixed at 4 h and 5 days after LLI. D: Photographs of each immunostaining at
post-LLI (4 hours) and 5 days after LLI. EdU, GAD67 and Ki67 positive cells (white arrow) were
found in layer 1 of post-LLI sections. EAU and GADG67 positive cells but Ki67 negative cells
(yellow arrow) were found in deep layer at 5 days after LLI. GADG67 positive, EAU and Ki67
negative cell (arrowhead) is a mature inhibitory neuron. Scale bars: 10 ym. E: The laminar
pattern of the cell density (mean £ SEM, n = 4) of EAU and GADG67 positive, Ki67-negative cells
from layer 1 to 6 was significantly different between LLI and control groups (KS test, p<0.01). F:
Cumulative fraction of total cells for non-parametric KS 2-sample test. Each accumulative
curve shows higher distribution in layer 1—4 in control group, while does in layer 5-6 in LLI
group. G: Total cell density of EAJU and GADG67 positive and Ki67 negative (EdU
+/GADG67+/Ki67-) cells did not differ between control and LLI groups.

5.3.2 Effects of transcranial LLI on pAkt and Akt expression in mouse cortex

To find possible molecular mechanisms of LLI-induced migration of GADG67-positive
NSPCs, we examined the expression of phosphorylated Akt (pAkt) and Akt. Auditory cortex
treated with LLI was homogeneized at 4 hours and 2 days after LLI (Fig. 24). Western blot
analysis was performed for pAkt, Akt and GAPDH (Fig 24B), and their blots were quantified.
When normalized to GAPDH (loading control), both pAkt and Akt expressions showed
significant increase when 4 hours post-LLI was compared with non-irradiated control (Fig 24C),
but not significant difference was seen at 2 days after LLI. These data may indicate that pAkt

and Akt are upregulated soon after LLI to initiate migration process.
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Fig. 24 Transcranial LLI effects on pAkt and Akt expression. A: schematic diagram of
making sample in vivo. B: Western blot analysis of auditory cortex lysates at post-LLlI
and 2 days after LLI. GAPDH is a loading control. C: Quantification of blots using
Image J. Band intensity was normalized to GAPDH (mean = SD, n =4, t-test *p < 0.05).
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5.4 Discussion

In the present studies (Chapters 4/5), we performed in vivo as well as in vitro
experiments to reveal whether transcranial 532 nm LLI affects proliferation and migrating of
GADG67-positive NSPCs in adult murine neocortex and also whether 532 nm LLI affects
cultured NSPCs from embryonic mice. The in vivo experiments demonstrated that 532 nm LLI
(60 mW) facilitated the migration of GABAergic neurons with a significant increase in Akt
expression. Migration of GAD67-positive cells were also observed in the in vitro experiments,
where 532 nm 60 min-LLI promoted the migrating of GADG67-positive NSPCs as well as the
penetration beneath the trans-well membrane. These data suggest that LLI affects Akt
expression and influences migration of GABAergic neurons derived from NSPCs.

It is well known that Akt plays an important role in the regulation of cellular processes
that are critical for neuronal development, including gene transcription, cell proliferation, and
neuronal migration. Souza et al. reported that dopamine D2 receptor activity modulates Akt
signaling to promote GABAergic neurogenesis during development of zebrafish larvael®®. Oishi
et al. demonstrated that active Akt promotes differentiation of telencephalic neural precursor
cells into GABA-containing, but not glutamatergic, neurons!®?. Since these studies suggest a
close relationship between Akt signaling activation and developing neural cell differentiation,
it 1s likely that our finding of LLI effects on NSPCs is based on the Akt activation.

We found that 532 nm LLI increased pAkt and Akt after 4 hours compared with
non-irradiated control but not after 2 days. Novoselova et al. showed 632.8 nm LLI increased
the interleukin-2 (IL-2) production in T cells and IL-2 concentration in blood plasma within 1
day, whereas no significant difference was seen at 2 days after the laser treatment 192, These
results suggest the effect of LLI on protein production is not permanent but temporary with a
certain type of bystander effects'®®. In addition, Akt expression was enhanced in both in vivo
and in vitro experiments, but pAkt was only found in vivo. In our experiments, brain tissues
include not only NSPCs but also other cells, whereas cultured cells include purified NSPCs
grown as neurospheres. This difference in cell environment is one possible reason for the
different observations in pAkt. However, further studies will be needed to understand the

different effects of LLI between in vivo and in vitro systems.
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A novel finding in this study is that 532 nm LLI promotes the migration of NSPCs into
deeper layers of the neocortex. Functional nature of NSPCs is unclear. The mild ischemia in
adult rats facilitated proliferation, differentiation and migration. Ohira et al. found that the
newly generated neurons were GABAergic by GADG67 staining and that the neurons were
functionally integrated into the neuronal circuitry as shown by activity-dependent c-Fos
staining. Although we have not yet tried the c-Fos staining, which can detect responses to
various physiological stimuli, future studies should investigate whether the migrated NSPCs
induced by the LLI could be functionally integrated into cortical circuits.

The extent of LLI penetration into cortical tissues is worth discussing. The comparison to
the control side of LLI in our experiments indicated direct LLI effects on the layer 1 NSPCs on
the irradiated side. Although the possibility of LLI penetrating the brain from the irradiation
site to the contralateral hemisphere (the control side) cannot be excluded completely, we
suggest that 532 nm LLI could reach to deep layers at most, but not to the contralateral side at
least 10 mm apart, because the penetration depth depends on LLI wavelength and LLI at short
wavelength has low penetration depth104199 It was reported that the 1064 nm laser penetrates
tissue (10 mm) twice as deep as the 830 nm laser (5 mm), and 10 times more than the 532 nm
laser (0.8 mm) 199, Accordingly, the transcranial approach of 532 nm LLI used here is worthy of
note, because of its possible application to various experiments in vivo.

Further, our findings regarding the promotion of the GABAergic NSPC migration by 532
nm LLI might also be valuable for clinical purpose. In the case of stroke, it is well known that
excessive stimulation of synaptically-activated glutamate receptors leads to signaling toward
neuronal cell deathl0” 108, This excitotoxicity by tonic glutamatergic activities may be
suppressed by 532 nm LLI-facilitated migration of GABAergic NSPCs before vulnerable brain
regions become permanently damaged. Future studies will examine a dose-dependency of LLI

(averaged power and irradiation time) to determine the most suitable transcranial approach.
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