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Abstract

Parkinson's disease is a common progressive neurodegenerative disorder characterized by the
degeneration of dopaminergic neurons in the substantia nigra pars compacta. Mitochondrial
dysfunction has been strongly implicated in the pathogenesis of Parkinson’s disease. Thus,
therapeutic approaches that improve mitochondrial function may prove to be beneficial. Previously,
we have documented that near-infrared light via light-emitting diode (LED) treatment was
therapeutic to neurons functionally inactivated by tetrodotoxin, potassium cyanide (KCN), or
methanol intoxication, and LED pretreatment rescued neurons from KCN-induced apoptotic cell
death. The current study tested our hypothesis that LED treatment can protect neurons from both
rotenone- and MPP*-induced neurotoxicity. Primary cultures of postnatal rat striatal and cortical
neurons served as models, and the optimal frequency of LED treatment per day was also determined.
Results indicated that LED treatments twice a day significantly increased cellular ATP content,
decreased the number of neurons undergoing cell death, and significantly reduced the expressions
of reactive oxygen species and reactive nitrogen species in rotenone- or MPP*-exposed neurons as
compared to untreated ones. These results strongly suggest that LED treatment may be therapeutic
to neurons damaged by neurotoxins linked to Parkinson’s disease by energizing the cells and
increasing their viability.
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INTRODUCTION

Parkinson’s disease (PD) is one of the major human neurodegenerative disorders characterized
by a progressive loss of dopaminergic neurons and the formation of Lewy body aggregates
(Hirsch et al. 1997; Kaur and Andersen, 2002). Dopamine deficiency and defects in
mitochondrial complex | activity play important roles in the manifestation of PD (Javitch et
al. 1985; Parker et al. 1989). Previous studies in humans and experimental animals have shown
that 1-methyl-4-phenylpyridinium ion (MPP*), the ultimate metabolic product of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), can induce PD-like symptoms (Lagnston et al.
1983; Schmidt and Ferger, 2001; Sherer et al. 2002). MPP* is taken into dopaminergic neurons
and presumably other neurons and accumulates in the mitochondria, where it inhibits complex
| activity. Although the exact mechanism of MPP*-induced neurotoxicity is not fully
understood, increasing evidence supports the involvement of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) (Metodiewa and Koska, 2000; Dawson and Dawson,
2003). Rotenone, another complex | inhibitor, inhibits the transfer of electrons from Fe-S
centers to ubiquinone and thus reduces cellular ATP synthesis (Sherer et al., 2003; Hirata and
Nagatsu, 2005). Both rotenone and MPP* mediate a variety of neuronal dysfunction and
oxidative stress, leading to cell death (Cassarino et al. 1999; Watabe et al. 2004; Wang et al.
2005).

Near-infrared light (NIR) via light-emitting diode (LED) treatment promotes wound healing
in humans and animals (Whelan et al., 2001). It up-regulates cytochrome oxidase activity and
ATP content in primary cultures of rat visual cortical neurons functionally inactivated by
tetrodotoxin, potassium cyanide (KCN), or sodium azide (N3Na) (Wong-Riley et al. 2001;
2005). Photobiomodulation is therapeutic to rat retinal neurons poisoned by methanol-induced
formate (Eells et al. 2003), a reversible inhibitor of cytochrome oxidase. LED pretreatment
induces the down-regulation of apoptotic proteins and up-regulation of anti-apoptotic proteins,
as well as reduces the production of reactive oxygen species in KCN-exposed neurons (Liang
et al. 2006). However, whether LED will be protective of neurons suffering from
neurodegenerative disorders was entirely unknown, and the optimal frequency of LED
treatment per day was also not known. Previously, we found that 670 nm and 830 nm were the
most effective, while 728 nm was the least effective wavelength in reversing the down-
regulation of cytochrome oxidase activity and cellular ATP content induced by toxins (Wong-
Riley et al., 2005). The goal of the present study was to determine the optimal frequency of
LED treatment per day and to test our hypothesis that NIR-LED is therapeutic to neurons
injured by toxins known to induce Parkinsonian symptoms. Primary cultures of rat striatal and
cortical neurons were used to test the effects of MPP* and rotenone exposure with and without
LED treatment. Primary neurons were used instead of cell lines because they are more
representative of neurons in vivo. Midbrain substantia nigral neurons from newborn rat pups
were technically too difficult to culture for multiple parallel experiments because of their small
size, paucity in number, and immaturity at birth. On the other hand, striatal neurons are known
to be affected by Parkinson’s disease, while cortical neurons have previously been tested to
respond to the therapeutic effect of LED while under the toxic influence of TTX or cyanide
(Wong-Riley et al., 2005).

Results indicate that LED twice a day was most effective in protecting neurons against the
toxins and that LED may serve as an effective therapeutic agent for neurons undergoing
neurodegenerative changes.
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EXPERIMENTAL PROCEDURES

Primary neuronal culture and treatments

Sprague Dawley rats (1-day-old) were used for primary cultures of occipital cortical and striatal
neurons as previously described (Liang et al., 2006). Experiments were carried out on 5-10
day old cultures, with or without 670 nm LED treatment. An LED array (25 cm x 10 cm) with
a peak wavelength of 670 nm (Quantum Devices, Inc. Barnaveld, WI) was placed beneath
covered culture dishes of 35 mm or 60 mm in diameter, with the room light turned off and
irradiated accordingly. Initially, the optimal frequency of LED treatment was tested on
potassium cyanide-poisoned rat cortical neurons. Cells were divided into 6 groups: 1) Sham
control: normal neurons were taken out of the incubator and set in the dark for 80 sec, similar
to experimental groups, but without KCN exposure or LED treatment; 2) exposure to 300 uM
KCN alone for 24 h; and 3-6) KCN exposure for 24 h, during which LED treatments (670 nm;
80 sec; at 4 J/cm? and 50 mW/cm?) were given 1, 2, 3, or 4 times within the first 8 h (i.e.,
immediately for all 4 groups; plus 4 h later for the 2-treatment; plus 2 h 40 min and 5 h 20 min
for the 3-treatment; and plus 2, 4, and 6 h later for the 4-treatment groups). Cells were harvested
at the end of the 24 h period. Groups 7 and 8 tested LED treatments for 1, 2, 3, or 4 times per
day during KCN exposure for 3 or 5 days. Once the optimal frequency of treatment was
determined, it was administered to rotenone-or MPP*-exposed striatal and cortical neurons.
Cells were divided into another 3 major groups: 1) Sham controls; 2) exposure to different
concentrations of rotenone or MPP™ for 48 h; and 3) rotenone or MPP* exposure for 48 h, and
LED treatment (670 nm; 80 sec; at 4 JJcm? and 50 mW/cm?) given twice a day for 48 h.

Hoechst (nuclear) staining

Nuclear staining and quantification were performed as previously described (Liang et al.,
2006). The fluorescent DNA-binding dye Hoechst 33258 (Sigma, St. Louis, MO) at a
concentration of 1 pg/ml was used to reveal nuclear condensation or aggregation. Hoechst-
stained cells were visualized and photographed using the BA450 filter under a Nikon
fluorescent microscope. Five hundred to 1000 cells in five to ten separate fields of each
coverslip in each group were counted, and counts were made under the same treatment
condition and repeated at least three times.

Measurement of intracellular reactive oxygen species (ROS)

ROS levels were determined by using 5-(and -6) chloromethyl-2’, 7-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H,DCFDA, Molecular Probes, Inc.,
Eugene, OR). Control and treated neurons were washed with BSS (balanced salt solution) and
incubated with 2 uM CMH,DCFDA in BSS for 20 min at 37°C. After washing, cells were
switched to normal growth medium and viewed with a Nikon fluorescent microscope. The
fluorescence intensity was measured by using the NIH ImageJ software ij134.

Measurement of intracellular nitric oxide (NO)

Intracellular NO levels were monitored by using DAF-2 DA (4,5-diaminofluorescein diacetate)
fluorescence probe (Calbiochem, San Diego, CA) as described previously (Thomas et al.,
2007). Treated neurons were washed with BSS and incubated in fresh culture medium without
serum. DAF-2 DA was added at a final concentration of 5 pM, and cells were incubated for 1
h at 37°C. After washing with BSS, cells were maintained in normal culture medium.
Fluorescence was monitored using a Nikon fluorescent microscope. The intensity of
fluorescence was measured by using the NIH ImageJ software ij134.
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Immunocytochemistry for nitrotyrosine

Neurons were washed with phosphate-buffered saline and fixed with 4% paraformaldehyde in
0.1 M sodium phosphate buffer (pH 7.4) for 20 min on ice, followed by incubation for 10 min
in 100% methanol. After blocking non-specific binding with 1% bovine serum albumin and
4% normal goat serum for 1 h, cells were incubated with polyclonal antibodies against
nitrotyrosine (Upstate, Lake Placid, NY; gift of Dr. D. Riley) at 1:250 dilution overnight at 4°
C. This was followed by goat-anti-rabbit (Bio-Rad, Hercules, CA) secondary antibodies
conjugated to horseradish peroxidase at 1:100 dilution for 2 h at room temperature. The labeling
of cytoplasm was visualized by using the diaminobenzidine reaction.

ATP Content with Bioluminescence Assays

Measurement of cellular ATP content in cotrol and experimental groups were as previously
described (Wong-Riley et al., 2005), using components of the bioluminescent somatic cell
assay kit (Sigma). Briefly, cultured cells were rinsed with cold phosphate-buffered saline,
incubated in cold somatic cell ATP releasing reagent for 5 min on ice, and harvested by a cell
scraper. They were mixed with the luciferase ATP assay mix and assayed with a luminometer
(Berthold Detection Systems, Oak Ridge, TN). Values were expressed as nanomolar ATP
content per milligram of protein. ATP contents of control neurons treated with LED only, twice
a day, for 1, 3, or 5 days were also tested.

Cytochrome oxidase reactions

Control and experimental cultures were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) with 4% sucrose for 1 h on ice. Cytochrome oxidase reactions were performed
in an incubation medium containing 0.05% 3, 3’-diaminobenzidine (DAB) (Sigma) and 0.03%
cytochrome c (Sigma) in phosphate buffered saline (Zhang and Wong-riley, 1999).

Optical densitometry analysis

Statistics

RESULTS

To analyze quantitative changes in cytochrome oxidase activity following different treatments,
optical densities of reaction product were measured by means of a Zonax MPMO03 photometer
(Zeiss, Thornwood, NYY) attached to a Zeiss compound microscope. Measurements were used
with a 25x objective and a spot size of 2 um diameter directed at the centers of cytoplasm of
individual neurons. Possible variations in coverslip and slide thickness were negated by
adjusting a blank region of each coverslip/slide to zero. For each treatment group, readings
were taken from 100-200 cells in five random fields. The mean value £ S.E.M. of reaction
product in each study were based on three independent experiments

ANOVA and two-tailed Student’s t-test were used for paired comparisons and analysis of
variance for group differences between treated and untreated ones. A P value of 0.05 or less
was considered significant.

Optimal regimen of LED treatment for rescuing neurons from apoptotic cell death

Approximately 5-10 % of rat cortical neurons underwent apoptosis in normal primary cultures,
and 24 h of exposure to 300 uM KCN induced approximately 42 % of them to undergo
apoptosis. LED treatment once a day immediately after exposure to KCN significantly
decreased the number of apoptotic neurons by 22.8% (P < 0.05) and treatments twice a day
reduced it by 33.8% (P < 0.001). However, three or four LED treatments during the 24 h period
did not result in a significant reduction of apoptosis (Fig. 1).
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Changes in DCFDA intensity in response to different frequencies of LED treatment

DCFDA is a marker of reactive oxygen species (ROS). The intensity of DCFDA was measured
in sister cultures exposed to KCN and varying numbers of LED treatment. Two to four times
of LED treatment in a 24-hour period all significantly decreased the DCFDA intensity in
comparison to KCN alone (P < 0.001). However, these levels remained higher than that of
normal controls (P < 0.05-0.001). One LED treatment in a 24-hour period did not reduce ROS
production significantly below that of KCN alone. The intensity of DCFDA actually increased
progressively from 2 to 4 times of LED treatment within a 24-hour period (Fig. 2).

LED treatment reduced the NO production in neurons exposed to KCN

The intensity of DAF-2 DA was measured in sister cultures exposed to KCN with or without
LED treatment. Two or three times of LED treatment during the first 8 h significantly decreased
DAF-2 DA intensity compared to KCN exposure alone (P <0.01), while asingle LED treatment
did not result in any significant decrease in DAF-2 DA intensity, and four LED treatments
within a 24 hour period also did not reduce DAF-2 DA intensity as compared to KCN alone.
All four types of LED regimen during the first 24 h reduced the NO production, but none
returned it to control levels (P < 0.001) (Fig. 3). Three days of LED treatment at two times per
day significantly decreased the DAF-2 DA intensity in comparison to KCN alone (P < 0.001;
Figs. 4A,C, D, and E), but these levels remained higher than those of normal controls (P <
0.01; Fig. 4E). Normal neuronal cultures treated with LED for 3 days did not increase, but
rather, significantly decreased nitric oxide production as compared to controls (P < 0.001; Fig.
4A, B, and E).

LED treatment down-regulated nitrotyrosine expression in neurons

Nitrotyrosine is an indicator of cell damage and results from the nitration of tyrosine residues
in proteins by peroxynitrite, a product of nitric oxide and superoxide. The expression of
nitrotyrosine was at a low level (10.5%) in normal primary cultures. However, the number of
nitrotyrosine-positive neurons increased significantly after exposure to 300 uM of KCN for 3
days (P < 0.001). Twice a day of LED treatment significant reduced nitrotyrosine expression
and decreased the number of nitrotyrosine-positive neurons (P < 0.05; Fig. 4F).

Changes in cytochrome oxidase activity in response to LED treatment

Cytochrome oxidase activity was significantly decreased after 24 h of exposure to 300 uM
KCN (P < 0.001). Among the LED treatments for 1, 2, 3, and 4 times during the first 8 h of
exposure to KCN, only twice a day significantly increased cytochrome oxidase activity above
levels for KCN alone (P < 0.05), but it still did not reach control values. One, three or four
times of LED treatment during the first 8 h all showed some increases in cytochrome oxidase
activity, but none of these reached significant levels above that of KCN alone (Fig. 5A).

Cytochrome oxidase activity after three days of KCN exposure was significantly increased by
1, 2 or 3times of LED treatment per day for 3 days (P < 0.05 — 0.001), and both two and three
times a day rescued cytochrome oxidase activity to control levels (Fig. 5C). On the other hand,
four times a day of LED treatment did not yield any benefit (Fig. 5C). When LED treatments
were extended to five days, cytochrome oxidase activity was significantly increased by the 1,
2, 3, or 4 times per day regimens (P <0.001). However, only two or three times per day of
treatment returned cytochrome oxidase activity to control levels, with twice a day yielding the
highest value (Fig 5E).

Effect of LED treatment on cellular ATP content in neurons

Cellular ATP content was significantly decreased by 300 uM KCN exposure for 24 h (P <
0.001; Fig. 5B). LED treatments for 1-4 times all increased cellular ATP content, with values
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reaching control levels when given 2—4 times. In comparison to KCN-exposed samples, all but
the 4-times-a-day samples showed significant increases (P < 0.05-0.001) (Fig. 5B). The latter
failed to show significance due to its high standard deviations. After three days of LED
treatment, cellular ATP content reached control levels with the once-a-day paradigm and above
control levels with the twice-a-day regimen (Fig. 5D). With five days of KCN exposure, ATP
content reached control levels when LED treatment was given once or twice a day. There was
no significant difference between three or four times a day of treatment. Twice a day LED
treatment also yielded the highest level of ATP content (Fig. 5F).

We also measured the cellular ATP levels after 1, 3, and 5 days of LED treatment, using the
twice-a-day paradigm, in normal cortical neurons to determine the effect of LED treatment
alone on cellular ATP content. LED treatment significantly increased cellular ATP content up
t0 2.63, 3.08 and 4.08 folds after 1, 3 and 5 days of LED treatment, respectively (P < 0.001 for
all) (Fig. 5G).

The above findings pointed to an optimal LED regimen of two times a day. Thus, all subsequent
LED treatments for MPP*- and rotenone-exposed neurons were twice a day.

LED treatment prevented neurons from MPP*-induced apoptotic cell death

To test if LED treatment rescued neurons from MPP*-induced apoptosis, rat primary neuronal
cultures were exposed to 250 UM or 500 uM of MPP* for 48 h, and LED treatment was given
twice a day. LED treatment significantly reduced the number of neurons that underwent
apoptosis as compared to MPP* alone (36 % and 33.3 % reduction in striatal neurons, and 36.4
% and 42 % reduction in cortical neurons, respectively) (P < 0.001 for all). There was no
statistically significant difference between the effects on striatal and cortical neurons (Figs. 6A
and C).

LED treatment rescued neurons from rotenone-induced apoptotic cell death

In the normal rat primary neuronal cultures, very few cortical neurons or striatal neurons
underwent cell death. However, exposure to 50 nM or 100 nM of rotenone for 48 h induced a
36.2 % and 41.5 % of striatal neurons, respectively, to undergo apoptosis (Fig. 6B). Similar
exposure to rotenone rendered slightly lower numbers of cortical neurons to undergo cell death
(28% and 38.4%, respectively) (Fig. 6D). LED treatments twice a day effectively decreased
the number of apoptotic neurons induced by 50 nM and 100 nM of rotenone by 20.4 % and
28.3 %, respectively, in striatal neurons, and by 20.1 % and 29.2 %, respectively, in cortical
neurons (P < 0.01 for all) (Fig. 6B and D).

We also tested the effect of LED treatment on neurons after three and five days of MPP* and
rotenone exposure. LED treatment significantly reduced the number of apoptotic neurons (P
< 0.001). However, the total number of surviving neurons was much lower than those of the
two-day MPP* or rotenone exposed and LED treated ones (data not shown).

LED treatment increased cellular ATP content in neurons after MPP* exposure

Cellular ATP content was measured in neurons exposed to 100 uM, 250 uM, or 500 uM of
MPP* for 48 h with or without LED treatment. Results indicated that 100-500 uM MPP*
significantly reduced the cellular ATP levels in both cortical and striatal neurons (P < 0.001).
LED treatments twice a day in 48 h significantly increased the cellular ATP content at all
concentrations of MPP* tested in both cortical and striatal neurons (P < 0.05-0.01) (Fig. 7A,C).

LED treatment increased cellular ATP content in neurons after rotenone exposure

Cellular ATP content was significantly decreased by exposure to 50, 100, 200, or 400 nM of
rotenone for 48 h in both striatal and cortical neurons (P < 0.01-0.001) (Fig. 7B, D). LED
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treatments twice a day significantly increased the cellular ATP content in cortical neurons
exposed to all rotenone concentrations tested as compared to rotenone alone (P < 0.05 for all)
(Fig. 7D). LED treatment also significantly increased cellular ATP content in striatal neurons
exposed to all rotenone doses used. However, values reached significance only in those exposed
to 100 nM and 200 nM of rotenone (P < 0.05) (Fig. 7B), and none reached control levels for
both striatal and cortical neurons (Fig. 7B, D).

Effect of LED treatment on DCFDA intensity in neurons exposed to rotenone or MPP*

The intensity of DCFDA was measured in neurons after exposure to 250 uM MPP* or 100 nM
rotenone for 48 h, with or without LED treatment twice a day in both striatal and cortical
neurons. LED treatment significantly reduced the DCFDA intensity induced by MPP* from
58.9 to 46.5 in striatal neurons, and from 60.3 to 42.0 in cortical neurons, as compared to
MPP* alone (P < 0.05) (Fig. 8A,C). LED treatment also decreased the DCFDA intensity
induced by rotenone from 71.2 to 31.4 in striatal neurons, and from 47.5 to 29.8 in cortical
neurons (P < 0.001) (Fig. 8B, D). However, LED treatment did not return DCFDA intensities
to control levels (P < 0.001 for all) (Fig. 8A-D).

LED treatment reduced the NO production in neurons exposed to rotenone or MPP*

The intensity of DAF-2 DA (marker of NO) was measured in cultures exposed to 100 nM
rotenone or 250 pM MPP* with or without LED treatment. LED treatment significantly
decreased the DAF-2 DA intensity in both striatal and cortical neurons as compared to 100 nM
rotenone or 250 UM MPP™ alone (P < 0.01-0.001). However, these levels remained higher
than those of normal controls (P < 0.001 for all) (Fig. 9A-D).

DISCUSSION

The present study documents that twice a day of LED treatment is most effective in rescuing
neurons from the toxic effects of potassium cyanide, MPP*, and rotenone. The first toxin
inhibits complex 1V (cytochrome oxidase), while the other two are known to inhibit complex
I of the mitochondrial electron transport chain. LED treatment increased cytochrome oxidase
activity and ATP production and reduced the generation of apoptosis, reactive oxygen species,
and reactive nitrogen species in poisoned neurons. These findings pave the way for future
testing of LED treatment for Parkinson’s diseased animal models or patients.

Low-energy light irradiation in the far red to near-infrared (NIR) range modulates various
biological processes (Karu 1999), such as acceleration of electron transfer in the respiratory
chain and activation of photoacceptors, especially cytochrome oxidase, thereby increasing
cellular ATP production (Karu, 1999; Wong-Riley et al., 2005; current study). NIR-LED light
treatment also protects the retina from methanol-induced toxicity in vivo, a mechanism that is
reliant on increasing mitochondrial oxidative metabolism (Eells et al., 2003, 2004). Previous
studies have demonstrated the optimal wavelength of NIR treatment in reversing the down-
regulation of cytochrome oxidase activity and cellular ATP content induced by toxins (Wong-
Riley et al., 2005). The current study (using 670 nm wavelength of NIR) documents that twice
a day of LED treatment yields the best protection for injured neurons. Possible mechanisms
may involve multiple regulatory intra-, inter- or extra-cellular biologic events. Previously, the
percentage of HeL a cells attached to the glass surface was found to increase upon irradiating
the cell suspension samples with certain wavelengths (Karu et al., 2005). However, the optimal
frequency of light treatment was not tested in that study. When the energy dose of light
irradiation was increased, the proliferative action of human fibroblasts was not found to be
enhanced (Zhang et al., 2003). By the same token, increasing LED treatment to 3 or 4 times a
day under the current experimental paradigm not only did not bring further benefits, but rather
yielded less optimal results. The exact mechanism is not fully understood, but one possibility
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is that neurons may have a set point for optimal energy metabolism, beyond which they may
promote reactive oxygen and reactive nitrogen species production, thereby leading to greater
cell death in the presence of toxins (current study). Preliminary in vivo experiments also
indicate that twice a day of LED treatment is most beneficial to injured neurons (our
unpublished observations). Thus, it is important to determine the optimal frequency and dosage
of LED treatment for future experimental studies or for clinical therapeutic applications.

Cells undergoing apoptosis suffer from reduced ATP content (Hiura et al., 2000; Comelli et
al., 2003; Atlante et al., 2005). Likewise, KCN, rotenone, and MPP* also induce a significant
reduction in cellular ATP content (Kutty et al., 1991; Cosi and Marien, 1998; Storch et al.,
2000; Wong-Riley et al., 2005; the present study). Previously, we found that LED treatment
rescued primary neurons from undergoing KCN-induced apoptosis (Wong-Riley et al., 2005;
Liang et al., 2006). The present study extends these findings to an optimal LED treatment of
twice a day, a regimen found to be therapeutic for neurons poisoned not only by KCN, but also
by MPP* or rotenone, both of which are linked to mitochondrial dysfunction and Parkinsonian-
like symptoms (Langston et al., 1983; Kutty et al., 1991). Twice-a-day LED treatment induces
the highest cytochrome oxidase activity and cellular ATP content among the regimens tested,
and is, therefore, the most beneficial in promoting cell survival and protecting neurons against
apoptosis, regardless of the mode of neuronal poisoning.

Nitric oxide (NO) reversibly inhibits cytochrome oxidase in competition with oxygen, inhibits
mitochondrial respiratory chain, and decreases ATP synthesis (reviewed in Brown, 2001). High
levels of NO can directly damage DNA (Nguyen et al., 1992) and induce neuronal apoptosis
(Brune et al., 1998; Constantin et al., 2002; Gahm et al., 2006). The reduction of NO and ROS
production in rotenone- or MPP*-exposed neurons by LED further attests to the
neuroprotective effect of near-infrared light treatment.

Near-infrared light irradiation can activate a number of genes related to anti-oxidation, anti-
apoptosis, and mitochondrial energy metabolism (Zhang et al., 2003). Indeed, our previous
studies on neurons as well as our published report on wound healing in diabetic mice also
indicate specific up- and down-regulation of different genes by LED treatment (Wong-Riley
et al., 2002; Whelan et al., 2003; Liang et al., 2006; Desmet et al., 2006). The fact that twice
a day of LED treatment results in a significant increase in energy metabolism and in rescuing
neurons from KCN-induced apoptosis strongly suggests that a cascade of events has been
triggered to activate or repress a variety of genes.

Parkinson’s disease is characterized by a selective degeneration of dopaminergic neurons in
the substantia nigra pars compacta and consequently a reduction in striatal dopamine levels
(Oertel and Ellgring, 1995). Both rotenone and MPTP metabolite MPP* are neurotoxins
commonly used in cellular models of Parkinson’s disease (Denton and Howard, 1987; Storch
et al., 2000; Imamura et al., 2006). MPP*-induced neurotoxicity is not well understood.
However, there is increasing evidence supporting the involvement of reactive oxygen species
(ROS) and reactive nitrogen species (RNS) (Metodiewa and Koska, 2000; Dawson and
Dawson, 2003). Excessive ROS contributes to mitochondrial dysfunction and signals the
initiation of cell death (Carmody and Cotter, 2001; Kitazawa et al., 2002). LED treatment
significantly reduces ROS and NO generation in KCN, rotenone- or MPP*-poisoned neurons
but did not increase normal neuronal ROS or NO levels (Liang et al., 2006; present study).
LED treatment efficiently rescues neurons from both MPP*- or rotenone-induced neurotoxicity
and increases energy metabolism, thereby providing further support for treating PD neurons,
perhaps as an adjunct therapy, in vivo. The potential therapeutic effect of light on other
degenerative diseases also deserves serious consideration (Lane, 2006).
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In summary, our results demonstrate that LED treatment twice a day was more effective in
increasing the cellular ATP content and cytochrome oxidase activity and rescuing neurons
from toxin-induced cell death. Twice a day LED treatment significantly counteracted both
rotenone-and MPP*-induced neurotoxicity. Optimizing endogenous energy production and
protecting neurons from neurotoxin-induced cell death are worthy measures to be considered
in PD treatment and clinical therapy.
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Fig. 1.

Hoechst staining of primary cultured cortical neurons exposed to KCN and treated with LED
for varying number of times during the first 8 h of KCN exposure. A: Apoptotic neurons
(arrows) showed condensation or decreased nuclear size, with or without nuclear
fragmentation. Scale bar = 30 um for all. B: Quantification of apoptotic neurons as percentage
of total cell population in each group. Two times of LED treatment was more effective in
reducing the percentage of apoptotic neurons than once a day, while 3 or 4 times a day were
not effective. All treatments were significantly different from controls. *, P < 0.05, *** P <
0.001 compared to KCN alone.
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Fig. 2.

ROS measurement by CM-H,DCFDA fluorescence in cortical neurons exposed to 300 uM
KCN and various LED treatments for 24 h. A: Top panels: phase contrast; lower panels, the
same fields as those in the top panels, but with CM-H,DCFDA fluorescence. CM-H,DCFDA
expression was increased by KCN exposure, but the fluorescent signals were much lower in
the two- and three- times-a-day LED-treated cells as compared to the others. Scale bar = 30
pm for all. B: Quantitative analyses of ROS expression. Two and three times of LED treatment
exhibited significantly lower CM-H,DCFDA fluorescent values than those with other forms
of LED treatment. LED once a day was not effective. All *P values were compared to controls:
* P <0.05, *** P <0.001. ***, P < 0.001 compared to KCN alone.
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Fig. 3.

NO production as measured by DAF-2 DA fluorescence in cortical neurons exposed to 300
UM KCN and varying numbers of LED treatment for 24 h. DAF-2DA expression was increased
by KCN exposure, but the fluorescent signals were significantly lower in cells treated with
LED for two and three times than those of others. A: Control, B: KCN alone, C-F: One, two,
three and four times of LED treatment, respectively. Scale bar = 30 um for all. G: Quantitative
analyses of NO expression. Two and three times of LED treatment resulted in a significant
reduction of DAF-2 DA fluorescence as compared to once or 4 times a day of LED treatment,
both of which were not effective. ***, P < 0.001 compared to controls; **, P < 0.01 compared
to KCN alone.
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NO production as measured by DAF-2 DA fluorescence and nitrotyrosine expression in cortical
neurons exposed to KCN for 3 days. Two times of LED treatment per day significantly
decreased the DAF-2 DA intensity in KCN-exposed neurons, and even that of normal cultured
neurons. A: Control; B: Control plus twice-a-day LED; C: KCN alone; D: KCN plus twice-a-
day LED. E: Quantitative analyses of NO expression. F: Quantification of nitrotyrosine-
immunoreactive neurons exposed to KCN and LED treated twice a day for 3 days. Two times
of LED treatment significantly decreased the number of nitrotyrosine-positive cells as
compared to KCN exposure alone. All *P values were compared to controls: **, P <0.01, ***,
P <0.001. ***, P < 0.001 compared to KCN alone.
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Fig. 5.

Effect of LED treatment on cytochrome oxidase activity and cellular ATP content in cortical
neurons exposed to KCN and 1-4 times of LED treatment. A, C, E: Quantification of
cytochrome oxidase activity in cultured primary neurons after 1-4 times of LED treatment and
KCN exposure for 24 h, 3 days, and 5 days, respectively. Two times of LED treatment resulted
in the highest cytochrome oxidase activity as compared to other LED regimens. B, D, F: levels
of cellular ATP content in neurons after 24 h, 3 days, and 5 days of KCN exposure, respectively,
and 1-4 times of LED treatment. LED treatment twice a day was most effective in restoring
ATP contents close to, though not reaching control levels. G: Cellular ATP content in cortical
neurons after twice a day LED treatment for 1, 3 and 5 days. LED treatment significantly
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increased cellular ATP content compared to controls. All *P values were compared to controls:

* P <0.05, **, P <0.01, ***, P < 0.001. All *P values were compared to KCN alone: *, P <
0.05, **, P <0.01, ***, P < 0.001.
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Fig. 6.

Hoechst staining of cultured neurons exposed to MPP™ or rotenone and twice-a-day LED
treatment. A and C: Striatal and cortical neurons, respectively, exposed to MPP*; B and D:
Striatal and cortical neurons, respectively, exposed to rotenone. The arrows showed apoptotic
neurons with nuclear condensation or decreased nuclear size, with or without nuclear
fragmentation. Quantitative assays of percent apoptotic neurons in control, MPP* or rotenone
exposed, with or without LED treatment are shown for each group. LED treatment significantly
reduced the percentage of apoptotic neurons as compared to MPP* or rotenone alone. All *P
values were compared to controls: **, P < 0.01, ***, P < 0.001. All *P values were compared
to MPP™* or rotenone only: **, P < 0.01, ***, P < 0.001. Scale bar = 20 pum for all.
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Fig. 7.

Effect of LED treatment on cellular ATP content in neurons exposed to different doses of
MPP* or rotenone. A and C: Striatal and cortical neurons, respectively, exposed to MPP*; B
and D: Striatal and cortical neurons, respectively, exposed to rotenone. LED treatment was
effective in increasing ATP content for most conditions. All *P values were compared to
control: *, P < 0.05, **, P < 0.01, ***, P < 0.001. All *P values were compared to MPP* or
rotenone only: *, P < 0.05, **, P < 0.01.
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Fig. 8.

Quantitative analyses of ROS expression measured by CM-H,DCFDA fluorescence in neurons
exposed to MPP* or rotenone and twice-a-day LED treatment. A and C: Striatal and cortical
neurons, respectively, exposed to MPP*; B and D: Striatal and cortical neurons, respectively,
exposed to rotenone. CM-H,DCFDA expression was increased by MPP* and rotenone
exposure, but was lowered by LED treatment. ***, P < 0.001 compared to controls. All *P
values were compared to MPP* or rotenone only: *, P < 0.05, *+*, P < 0.001.
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Fig. 9.

NO production measured by DAF-2 DA fluorescence in neurons exposed to MPP™ or rotenone,
with or without twice-a-day LED treatment. A and C: Striatal and cortical neurons,
respectively, exposed to MPP*; B and D: Striatal and cortical neurons, respectively, exposed
to rotenone. DAF-2DA expression was increased by MPP* or rotenone exposure but decreased
by LED treatment. However, the fluorescent signal was still higher than control levels. ***,
P < 0.001 compared to controls. All *P values were compared to MPP* or rotenone only: **,
P <0.01, ***, P <0.001.
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