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ARTICLE INFO ABSTRACT
Article history: Parkinson’s disease (PD) is a movement disorder caused by the loss of dopaminergic
Accepted 15 September 2008 neurons in the substantia nigra pars compacta, leading to nigrostriatal degeneration. The
Available online 30 September 2008 inhibition of mitochondrial respiratory chain complex I and oxidative stress-induced
damage have been implicated in the pathogenesis of PD. The present study used these
Keywords: specific mitochondrial complex I inhibitors (rotenone and 1-methyl-4-phenylpyridinium or
ATP content MPP*) on striatal and cortical neurons in culture. The goal was to test our hypothesis that
MPTP pretreatment with near-infrared light (NIR) via light-emitting diode (LED) had a greater
Near-infrared light beneficial effect on primary neurons grown in media with rotenone or MPP* than those with
Neurotoxicity or without LED treatment during exposure to poisons. Striatal and visual cortical neurons
Parkinson’s disease from newborn rats were cultured in a media with or without 200 nM of rotenone or 250 uM of
Rotenone MPP* for 48 h. They were treated with NIR-LED twice a day before, during, and both before

and during the exposure to the poison. Results indicate that pretreatment with NIR-LED
significantly suppressed rotenone- or MPP*-induced apoptosis in both striatal and cortical
neurons (P<0.001), and that pretreatment plus LED treatment during neurotoxin exposure
was significantly better than LED treatment alone during exposure to neurotoxins. In
addition, MPP* induced a decrease in neuronal ATP levels (to 48% of control level) that was
reversed significantly to 70% of control by NIR-LED pretreatment. These data suggest that
LED pretreatment is an effective adjunct preventative therapy in rescuing neurons from
neurotoxins linked to PD.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction Gandhi and Wood, 2005). The key neuropathological feature of

PD is the loss of striatal dopamine content, which leads to
Parkinson’s disease (PD) is a common neurodegenerative bradykinesia, tremors, and postural instability (Gandhi and
disorder characterized by progressive motor dysfunction and Wood, 2005). The etiology of PD remains largely unknown, as
variable cognitive impairment (Dauer and Przedborski, 2003; no study has demonstrated thus far that the majority of PD
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cases are due to a single factor. Present evidence suggests that
PD is a multifactorial disorder, probably caused by a
combination of age, genetics, and environmental factors
(Veldman et al.,, 1998; Zhang et al., 2000). Epidemiological
studies have suggested that environmental factors play an
important role in the pathogenesis of PD and other related
disorders. These include trace metals, pesticides, herbicides,
and industrial chemicals (Gorell et al., 1998; Veldman et al.,
1998). In particular, the toxin 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP) and the pesticide rotenone have been
found to produce, at least in experimental animals, a
Parkinsonian syndrome characterized by highly selective
nigrostriatal dopaminergic degeneration just as in idiopathic
PD. Biochemical studies have implicated mitochondrial com-
plex I dysfunction in both the pathogenesis of PD as well as in
MPTP- or rotenone-induced neurotoxicity. MPTP is highly
lipophilic and easily crosses the blood-brain barrier. In the
brain, MPTP is converted to MPP" in glial cells and then
incorporated into neurons via the dopamine transporter (DAT)
(Gainetdinov et al., 1997; Cappelletti et al.,, 2005). MPP* is
believed to be concentrated in the mitochondria and to inhibit
the multi-subunit complex I (Nicklas et al., 1985; Ramsay et al.,
1986) of the electron transport chain, leading to the depletion
of ATP and the production of reactive oxygen species (ROS)
(Dauer and Przedborski, 2003). MPP* causes damage to
dopaminergic neurons and has been widely used to generate
models of Parkinson’s disease (Gainetdinov et al., 1997;
Cappelletti et al., 2005).

Rotenone has recently been shown to reproduce the same
progressive, selective, nigrostriatal dopaminergic degenera-
tion seen in PD (Betarbet et al., 2000). This rotenone model of
PD has reinforced the notion that complex I inhibition may be

a key factor involved in the death of dopaminergic neurons
and the development of Parkinsonism, mainly by increasing
oxidative stress.

Near-infrared light (NIR) via light-emitting diode (LED) is a
well-accepted therapeutic tool in the treatment of infected,
ischemic, and hypoxic wounds and other soft tissue injuries in
humans and animals (Whelan et al., 2001, 2003). The
mechanism of NIR-LED action is the up-regulation of cyto-
chrome c oxidase activity and the production of adenosine
triphosphate (ATP), as shown in primary cultures of rat visual
cortical neurons functionally inactivated by tetrodotoxin,
potassium cyanide (KCN), or sodium azide (N;Na) (Wong-
Riley et al., 2001, 2005). NIR-LED treatment effectively rescues
poisoned neurons from apoptotic cell death (Wong-Riley et al.,
2005; Liang et al., 2006). Moreover, such treatment has recently
been shown to partially rescue neurons from both rotenone-
and MPP*-induced neurotoxicity (Liang et al., 2008). The goal of
the present study was to test our hypothesis that pretreat-
ment with NIR-LED enhances this protective effect.

2. Results

2.1. LED treatment rescued neurons from rotenone-induced
apoptotic cell death

In the normal rat primary neuronal cultures (control), very few
striatal neurons or cortical neurons underwent cell death
(Figs. 1A, E and 2A, E). However, exposure to 200 nM of
rotenone for 48 h induced a 29.81% of striatal neurons to
undergo apoptosis (P<0.001) (Fig. 1B and E). Similar exposure
to rotenone rendered higher numbers of cortical neurons to
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Fig. 1 - Hoechst staining of cultured striatal neurons in control (A), rotenone exposed (B), rotenone plus LED treated (C), and LED
pretreatment for 2 days before rotenone exposure plus LED treatment during rotenone exposure (D). The arrows show apoptotic
neurons with nuclear condensation or decreased nuclear size, with or without nuclear fragmentation. Quantitative assays of
percent apoptotic neurons under various conditions are shown in (E). Rotenone exposure significantly increased the number of
apoptotic neurons (P<0.001), and LED treatment markedly reduced this percentage (P<0.001). However, LED pretreatment
further reduced this percentage (P<0.01). All “*P” values were compared to controls: **P<0.01, ***P<0.001. All “*P” values were
compared to rotenone alone: **P<0.01, ***P<0.001. All “*P” values compared “LED pretreatment plus LED treatment during
toxin exposure group” to “LED during toxin exposure only group”. Scale bar: 25 pm for all.
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Fig. 2 - Hoechst staining of cultured visual cortical neurons in control (A), rotenone exposed (B), rotenone plus LED treated (C),
and LED pretreatment for 2 days before rotenone exposure plus LED treatment during rotenone exposure (D). The arrows show
apoptotic neurons with nuclear condensation or decreased nuclear size, with or without nuclear fragmentation. Quantitative
assays of percent apoptotic neurons under various conditions are shown in (E). Rotenone exposure significantly increased the
number of apoptotic neurons (P<0.001), and LED treatment markedly reduced this percentage (P<0.001). However, LED
pretreatment further reduced this percentage (P<0.01). All “*P” values were compared to controls: **P<0.01, ***P<0.001. All “*P”
values were compared to rotenone alone: **P<0.01, ***P<0.001. All “*P” values compared “LED pretreatment plus LED treatment
during toxin exposure group” to “LED during toxin exposure only group”. Scale bar: 25 pm for all.

undergo cell death (42.96%; P<0.001; Fig. 2B and E). LED
treatments twice a day for 2 days during toxin exposure (LED
and rotenone group) effectively decreased the number of
apoptotic neurons induced by 200 nM of rotenone to 19.78% in
striatal neurons and to 25.16% in cortical neurons, represent-
ing a 33.65% and 41.43% reduction, respectively (P<0.001 for

all) (Figs. 1C, E and 2GC, E). The percentage of apoptotic neurons
in the LED pretreatment group (twice a day for 2 days before
exposure to rotenone plus LED treatments during rotenone
exposure) (pre-LED/rotenone and LED group) was only 13.07%
in striatal neurons and 14.12% in cortical neurons, represent-
ing a 56.16% and 66.43% reduction, respectively, as compared
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Fig. 3 - Hoechst staining of cultured striatal neurons in control (A), MPP* exposed (B), LED pretreatment for 2 days before MPP*
exposure (C), MPP* plus LED treated (D), and LED pretreatment for 2 days before MPP* exposure plus LED treatment during MPP*
exposure (E). The arrows show apoptotic neurons with nuclear condensation or decreased nuclear size, with or without nuclear
fragmentation. Quantitative assays of percent apoptotic neurons under various conditions are shown in (F). MPP* exposure
significantly increased the number of apoptotic neurons (P<0.001). LED treatment markedly reduced this percentage (P<0.001),
and pretreatment with LED showed comparable results (P<0.001) with no significant difference between the two paradigms.
However, LED pretreatment plus LED during MPP* exposure further reduced this percentage (P<0.001). All “*P” values were
compared to controls: **P<0.01, ***P<0.001. All “*P” values were compared to MPP* alone: **P<0.01, ***P<0.001. All “*P” values
compared “LED pretreatment plus LED treatment during toxin exposure group” to “LED during toxin exposure only group”.
Scale bar: 25 pm for all.
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Fig. 4 - Hoechst staining of cultured visual cortical neurons in control (A), MPP* exposed (B), LED pretreatment for 2 days before
MPP* exposure (C), MPP* plus LED treated (D), and LED pretreatment for 2 days before MPP* exposure plus LED treatment during
MPP* exposure (E). The arrows show apoptotic neurons with nuclear condensation or decreased nuclear size, with or without
nuclear fragmentation. Quantitative assays of percent apoptotic neurons under various conditions are shown in (F). MPP*
exposure significantly increased the number of apoptotic neurons (P<0.001). LED treatment markedly reduced this percentage
(P<0.001), and pretreatment with LED showed comparable results (P<0.001) with no significant difference between the two
paradigms. However, LED pretreatment plus LED during treatment further reduced this percentage (P<0.001). All “*P” values
were compared to controls: **P<0.01, ***P<0.001. All “*P” values were compared to MPP* alone: **P<0.01, ***P<0.001. All “*p”
values compared “LED pretreatment plus LED treatment during toxin exposure group” to “LED during toxin exposure only

group”. Scale bar: 25 pm for all.

to rotenone alone (P<0.001), and an additional 33.92% and
42.68% reduction as compared to rotenone plus LED (P<0.01
and P<0.001, respectively) (Figs. 1D, E and 2D, E).

2.2. LED treatment rescued neurons from MPP*-induced
apoptotic cell death

Exposure to 250 pM of MPP* for 48 h induced 35.10% of striatal
neurons and 38.59% of visual cortical neurons to undergo
apoptosis (P<0.001 for both) (Figs. 3B F and 4B, F). The
percentage of apoptotic neurons in the LED pretreatment
group (twice a day for 2 days before exposure to MPP*) (pre-
LED/MPP" group) was 26.56% for striatal neurons and 29.81%
for cortical neurons, representing 24.33% and 22.75% reduc-
tion, respectively, as compared to MPP* alone (P<0.001 for
both) (Figs. 3C, F and 4C, F). LED treatments twice a day for
2 days during MPP" exposure (MPP" and LED group) effectively
decreased the number of apoptotic neurons to 26.32% in
striatal neurons and to 31.07% in cortical neurons, represent-
ing a 25.01% and 19.48% reduction, respectively, as compared
to MPP" alone (P<0.001 for all) (Figs. 3D, F and 4D, F).
Pretreatment with LED plus LED treatment during MPP*
exposure (pre-LED/MPP" and LED group) reduced it further to
only 21.95% in striatal neurons and 20.35% in cortical neurons,
representing a reduction of 37.46% and 47.26%, respectively, as
compared to MPP* alone (P<0.001 for both), and a further
reduction of 17.36% and 31.73%, respectively, as compared to
LED treatment only during MPP" exposure. It also represented
a 16.60% further reduction in striatal neurons and a 34.50%
further reduction in cortical neurons as compared to LED
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Fig. 5 — Effect of LED treatment and pre-treatment on cellular
ATP content in striatal neurons exposed to 250 pM MPP*.
MPP" severely reduced ATP content from control levels
(1119.57 £167.08 nM ATP content/mg protein=100%)
(P<0.001). Either LED treatment or pretreatment was effective
in increasing ATP content above that of MPP* alone (P<0.01),
and there was no significant difference between the two
groups. However, LED pretreatment plus LED treatment
during MPP* exposure was most beneficial in increasing ATP
content of striatal neurons (*P<0.01 in comparison to
pre-LED/MPP*, and ***P<0.001 in comparison to MPP* and
LED). All “*P” values were compared to controls: **P<0.01,
***P<0.001. All “*P” values were compared to MPP* alone:
**P<0.01, ***P<0.001. All “*P” values compared “LED
pretreatment plus LED treatment during toxin exposure
group” to “LED during toxin exposure only group”. Scale bar:
25 pm for all.
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pretreatment only group (P<0.001 for all) (Figs. 3E, F and 4E, F).
There was no statistically significant difference between
pretreatment alone and LED treatment alone during neuro-
toxin exposure in either striatal or cortical neurons.

2.3. Pre-LED treatment increased cellular ATP content on
striatal neurons after MPP* exposure

Cellular ATP content in striatal neurons was significantly
decreased from control levels (1119.57+167.08 nM ATP con-
tent/mg protein) by exposure to 250 uM MPP* for 48 h (P<0.001,;
Fig. 5). Both LED treatment and pretreatment increased
cellular ATP content in comparison to MPP" exposure alone
(**P<0.01 for both). Pretreatment plus treatment during MPP*
exposure further increased ATP content (***P<0.001 as com-
pared to MPP* alone, **: P<0.01 as compared to Pre-LED/MPP*,
and **P<0.001 as compared to MPP* and LED; Fig. 5). There
was no significant difference between pretreatment alone and
LED treatment alone during MPP* exposure.

3. Discussion

Parkinson’s disease is one of the most common neurodegen-
erative disorders affecting people over 60 years of age (Van
Den Eeden et al., 2003). This disease is characterized by the
selective loss of dopaminergic neurons in the substantia nigra,
pars compacta and selective nigrostriatal dopaminergic
degeneration (Dauer and Przedborski, 2003; Moore et al., 2005).

Two mitochondrial inhibitors, MPP* and rotenone, are
known to inhibit complex I of the electron transport chain.
They have been widely used to induce dopaminergic neuronal
death in both in vitro and in vivo models of PD (Denton and
Howard 1987, Storch et al., 2000). However, as shown in the
present as well as our previous study (Liang et al., 2008), these
toxins are highly detrimental to striatal and cortical neurons
as well, because mitochondrial complex I is in every neuron.
Complex I inhibition has two major consequences: the
depletion of ATP (hence the impairment of all ATP-dependent
cellular processes) and the generation of free radicals that
cause oxidative stress (Gerlach et al., 1991; Gandhi and Wood,
2005; Watababe et al., 2005), resulting in a damage to human
dopaminergic neurons (Langston et al., 2003).

Near-infrared light via laser has long been known to
promote wound healing, but the detailed molecular mecha-
nisms have only recently been studied (Lane, 2006). Karu’s
group proposed that NIR works through cytochrome c
oxidase, as copper A and B centers in this enzyme act as
photoacceptors in the NIR range (Karu, 1999). Our group has
documented that NIR via LED indeed up-regulated cyto-
chrome c¢ oxidase activity and ATP content in neurons
poisoned by tetrodotoxin or cyanide, and that it rescued
neurons from apoptotic cell death induced by cyanide
(Wong-Riley et al., 2001, 2005). In vivo, NIR-LED was therapeutic
to retinal neurons poisoned by methanol that accumulated
formate, an inhibitor of cytochrome c oxidase (Eells et al,,
2003). NIR can further protect cells against NO-induced cell
death (Karu et al., 2005). LED treatment (and most likely
pretreatment) may trigger a cascade of events that changed the
expressions of a number of genes, such as the up-regulation of

genes involved in energy generation and antioxidant produc-
tion (Eells et al., 2004).

Recently, we have shown that NIR-LED treatment
increased ATP production and cytochrome c oxidase activity,
and reduced the generation of reactive oxygen species (ROS),
reactive nitrogen species (RNS), and apoptosis in neurons
poisoned by cyanide, MPP*, or rotenone (Liang et al., 2006,
2008). We have further shown that twice a day of LED
treatment is most therapeutic as compared to once, three
times, or four times a day of treatment (Liang et al., 2008). In
addition, we found that LED treatment significantly increased
both ATP content and cytochrome c oxidase activity in normal
neurons (Wong-Riley et al.,, 2001; Liang et al., 2008).

The present study confirmed and extended our previous
findings to document that LED pretreatment for only 80 sx2
per day for only two days significantly rescued more striatal
and cortical neurons from apoptotic cell death induced by
either rotenone or MPP*. LED pretreatment also substantially
increased cellular content of ATP in primary neurons grown in
rotenone or MPP*. Such increases were markedly greater than
those of LED treatment alone during exposure to neurotoxins.
This suggests that increasing neurons’ oxidative capacity and
ATP generation better prepares neurons to combat the
detrimental effects of neurotoxins. These findings have
substantial relevance to animal models of PD, as preventative
therapeutic treatment may be prescribed to animals in their
early stages of Parkinsonian induction, before overt manifes-
tations of Parkinsonian symptoms commence. The implica-
tion for future clinical trials of PD treatment is significant.

In summary, the present study demonstrates that LED
pretreatment for 80 s, 2 times/day for two days (at a total
energy density of 4 J/cm? per treatment) significantly rescued
striatal and cortical neurons from MPP*- and rotenone-
induced apoptosis, mostlikely via a mechanism that increases
cellular ATP production and decreases ROS generation. It
indicates that LED treatment plus pretreatment have a better
therapeutic effect in protecting neurons from both MPP*- or
rotenone-induced neurotoxicity than LED treatment alone
during exposure to neurotoxins. These findings lay a solid
foundation for future preventative therapeutic considerations
in animal models of PD and conceivably for future treatment
of pre-symptomatic PD patients.

4. Experimental procedures
4.1. Primary culture of neurons

Sprague Dawley rats (1 or 2-day-old) were used for primary
cultures of neurons derived from the striatum or visual cortex
as previously described (Liang et al., 2006). Briefly, rats were
anesthetized with CO,, and brains were removed, placed in
balanced salt solution (Invitrogen, Carlsbad, CA, USA), and
carefully dissected. Meninges and surface blood vessels were
stripped, brain tissues were minced into 1 mm? pieces and
digested with 0.75% trypsin at 37 °C for 15 min. Cells were
mechanically dissociated, and plated on poly-1-lysine- (Sigma,
St. Louis, MO, USA) coated 35 mm dishes or 20 mm coverslips
at a density of 5x10° cells/ml. Neuronal cultures were
maintained at 37 °C with 5% CO, in a humidified incubator,
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with half of the medium replaced every five days. In this
culture system, 95% of the cell population were neurons
(zhang and Wong-Riley, 1999; Liang et al., 2006).

4.2, Culture treatments

Experiments were carried out on 7-10 day old cultures of
visual cortical or striatal neurons, with or without 670 nm LED
pretreatment for 80 s at a power intensity of 50 mW/cm?,
giving a total energy density of 4 J/cm® An LED array
(25 cmx 10 cm) with a peak wavelength at 670 nm (Quantum
Devices, Inc. Barnaveld, WI, USA) was placed beneath the
covered culture dish (35 mm or 60 mm diameter), with the
room light turned off and irradiated accordingly. Visual
cortical and striatal neurons were each subdivided into 9
groups: 1) normal cells without exposure to MPP* and without
treatment with LED (Control); 2) cells exposed to 250 uM MPP*
for 48 h without LED treatment (MPP*); 3) cells pretreated with
LED 2 times/day for 2 days and then exposed to 250 pM MPP*
for 48 h (Pre-LED/MPP"); 4) cells exposed to 250 pM MPP" for
48 h, during which they were treated with LED 2 times/day
(MPP* and LED); and 5) cells pretreated with LED 2 times/day
for 2 days and then exposed to 250 uM MPP* for 48 h, during
which they were treated with LED 2 times/day (Pre-LED/MPP*
and LED). The other 4 groups were similar to the above,
except that MPP* was replaced by 200 nM rotenone, and group
3 was not done because no significant difference was found
between groups 3 and 4 in the MPP" experiments.

4.3.  Hoechst 33258 staining

At the end of each experiment, cells were harvested and fixed
with pre-chilled phosphate-buffered saline (PBS) containing
4% paraformaldehyde for 30 min with gentle agitation. After
fixation at room temperature, cells were washed with pre-
chilled PBS 3 times and were exposed to 1 mg/L fluorescent
DNA-binding dye Hoechst 33258 (Sigma) in PBS for 10 min at
room temperature. After washing, all samples were analyzed
under a Nikon fluorescent microscope.

4.4.  Measurement of ATP content with bioluminescence
assays

Measurement of cellular ATP content in control and experi-
mental groups was as previously described (Wong-Riley et al.,
2005) using components of the bioluminescent somatic cell
assay kit (Sigma). Briefly, cultured neurons were rinsed with
cold PBS, 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 milli-
gram of protein.

4.5. Statistics

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.
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