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Dear Editor:
Thank you for your article “Costs of Dementia” in the September/October 2015 Rand Review. The
magnitude of the problem and its associated costs are staggering. Simple math indicates that
throwing more money at the problem, once diagnosed, is not the answer, which is why I believe your
article missed the point. The only workable solution is prevention. This means that lifestyle changes
that are know to reduce the risks of dementia should be started much earlier in one’s life.
Dan Murphy
Auburn, CA

The Better Brain Book
David Perlmutter, MD
Board-Certified Neurologist
Riverhead Books
2004
pp. 21-23
“The same forces that are aging your body are aging your brain, only they hit your
brain earlier and harder.”
“These culprits are at the core of virtually all brain problems, from mild memory
issues to brain fog to severe Alzheimer’s disease. They are:
1)

The proliferation in the brain of destructive chemicals called free radicals.

2)

The decline in the ability of the brain cells to make energy.”

The brain is the most metabolically active organ of the body; it uses 20% of
consumed oxygen to make the energy to fuel all of its activities.
“Energy is made in the specialized parts of the cell called the mitochondria.”
“There is a price to pay for making all this energy. Every time a cell makes energy—
any cell, in any part of your body—it also produces toxic substances call free
radicals.”
Free radicals are unstable, and bond with molecules in healthy cells, damaging
tissues and organs, such as the heart, joints, skin, and the fats of ones brain.
Over time, free radicals can destroy substantial amounts of the brain and nerve
tissue through this process of oxidation.
“When the mitochondria of your brain cells are injured, they become less efficient,
produce less energy, and increase free radical production.”
“Free radicals can inhibit the brain’s ability to produce neurotransmitters, which
have a profound impact on memory, learning, mood, and even balance and handeye coordination.”
“Free radicals pose another potentially deadly problem for the brain—they promote
inflammation.”
Inflammation is linked to nearly all chronic brain diseases, including Parkinson’s
disease, Alzheimer’s disease, multiple sclerosis, and dementia.
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Neurology. 1990 Aug;40(8):1302-3.

Cytochrome oxidase deficiency in Alzheimer's disease.
Parker WD Jr1, Filley CM, Parks JK.

Author information
Abstract
We assayed cytochrome oxidase and other electron transport chain activities in platelet
mitochondria isolated from patients with Alzheimer's disease (AD). Five of 6 patients had
striking reductions of platelet cytochrome oxidase activity (patient mean, 83.72 +/- 82.99
nmol/min/mg; control mean, 167.14 +/- 36.21 nmol/min/mg; n = 8). Other electron transport
chain catalytic activities were not significantly different than control values. AD may be a
systemic illness, a primary defect in cytochrome oxidase may be pathogenically important in
its production, and the mitochondrial genes encoding cytochrome oxidase subunits may be
important in producing the defect.
PMID: 2166249
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Reduced platelet cytochrome c oxidase activity in Alzheimer's
disease.
Parker WD Jr1, Mahr NJ, Filley CM, Parks JK, Hughes D, Young DA, Cullum CM.

Author information
Abstract
We evaluated a simplified method for preparation and analysis of platelet cytochrome c
oxidase activity in Alzheimer's disease (AD) and control patients. Mean cytochrome c
oxidase activity in controls (n = 17) was 0.233 sec-1/mg whereas mean cytochrome c
oxidase activity in Alzheimer patients (n = 19) was 0.193 sec-1/mg, p = 0.033. Complex III
(ubiquinol:cytochrome c oxidoreductase), complex II (succinic dehydrogenase), and citrate
synthase were all assayed as internal controls and were not significantly different in controls
and Alzheimer patients. There is a relatively specific loss of platelet cytochrome c oxidase
activity in Alzheimer disease patients.
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Cytochrome c oxidase in Alzheimer's disease. [Neurology. 1995]
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Electron transport chain defects in Alzheimer's disease brain.
Parker WD Jr1, Parks J, Filley CM, Kleinschmidt-DeMasters BK.

Author information
Abstract
Previous work suggested a deficiency in the terminal complex of the mitochondrial electron
transport chain, cytochrome c oxidase (COX), in platelet mitochondria of Alzheimer's
disease (AD) patients. The present study extends this observation to AD brain mitochondria
through assay of electron transport chain activities in mitochondria isolated from autopsied
brain samples from AD patients (n = 9) and from controls with and without known
neurologic disease (n = 8). AD brain mitochondria demonstrated a generalized depression
of activity of all electron transport chain complexes. This depression was most marked in
COX activity (p < 0.001). Concentrations of cytochromes b, c1, and aa3 were similar in AD
and controls. The electron transport chain is defective in AD brain, and the defect centers
about COX.
Comment in
Electron transport chain defects in Alzheimer's disease. [Neurology. 1995]
Cytochrome c oxidase in Alzheimer's disease. [Neurology. 1995]
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Cytochrome c oxidase is decreased in Alzheimer's disease platelets.
Cardoso SM, Proença MT, Santos S, Santana I, Oliveira CR.

Author information
Abstract
Cytochrome c oxidase (COX) activity reportedly is reduced in Alzheimer's disease (AD) brain and
platelets. The reasons for the defect in either tissue are unknown, but its presence in a nondegenerating tissue suggests it is not simply a consequence of neurodegeneration. We now offer
confirmation of the AD platelet COX defect. Compared to age-matched controls, in mitochondria
isolated from AD platelets there was a 15% decrease in COX activity despite the fact that COX
subunits were present at normal levels. Platelet ATP levels were diminished in AD (from 11.33 +/0.52 to 9.11 +/- 0.72 nmol/mg), while reactive oxygen species (ROS) were increased (from 97.03 +/25.9 to 338.3 +/- 100 K/mg). Platelet membrane fluidity, Vitamin E, and cholesterol content were
similar between groups. We conclude that COX catalytic activity is indeed diminished in AD platelet
mitochondria, does not result from altered membrane fluidity, and is associated with ROS
overproduction and ATP under-production.
PMID: 14675736 [PubMed - indexed for MEDLINE]
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Prog Neuropsychopharmacol Biol Psychiatry. 2005 Mar;29(3):407-10.

Mitochondrial aging and dysfunction in Alzheimer's disease.
Sullivan PG, Brown MR.

Author information
Abstract
Disruptions in energy metabolism have been suggested to be a prominent feature, perhaps even a
fundamental component, of Alzheimer's disease (AD). These abnormalities in cerebral metabolism
precede the onset of neurological dysfunction as well as gross neuropathology of AD. These changes
may stem from inhibition of mitochondrial enzymes including pyruvate dehydrogenase, cytochrome c
oxidase, and alpha-ketoglutarate dehydrogenase. Several lines of evidence also suggest a role for
oxidative stress in the neuropathology associated with the disease state. Because mitochondria are
the major site of free radical production in cells, they are also a primary target for oxidative damage
and subsequent dysfunction. This link between mitochondrial dysfunction and the pathophysiology of
AD is supported by several lines of evidence.
PMID: 15795049 [PubMed - indexed for MEDLINE]
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J Alzheimers Dis. 2006 Jul;9(2):155-66.

Dysfunction of mitochondria and oxidative stress in the pathogenesis of
Alzheimer's disease: on defects in the cytochrome c oxidase complex and
aldehyde detoxification.
Ohta S, Ohsawa I.

Author information
Abstract
The mitochondrion is an organelle that plays a central role in energy production. It, at the same time,
generates reactive oxygen species as by-products. Large-scale epidemiological case-control studies
suggest the involvements of dihydrolipoamide succinyltransferase (DLST) of the mitochondrial Krebs
cycle and mitochondrial aldehyde dehydrogenase-2 (ALDH2) in Alzheimer's disease (AD). The DLST
gene has two gene-products, one of which, a novel gene product MIRTD, mediates the molecular
assembly of the cytochrome c oxidase complex whose defect has been a candidate of the causes of
AD. Since levels of MIRTD mRNA in the brains of AD patients were significantly low, a decrease in
MIRTD could affect energy production. ALDH2, a matrix enzyme, was found to act as a protector
against oxidative stress through oxidizing toxic aldehydes, such as 4-hydroxy-2-nonenal, that are
spontaneously produced from lipid peroxides. Hence, a decrease in ALDH2 activity is proposed to
contribute to AD. Indeed, transgenic mice with low activity of ALDH2 exhibited an age-dependent
neurodegeneration accompanying memory loss. Since amyloid beta peptide has been recently shown
to be present in neuronal mitochondria to decline energy production and enhance ROS production, it
has become possible to link AD more closely with roles of mitochondria in the pathogenesis.
PMID: 16873963 [PubMed - indexed for MEDLINE]
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Dystrophic neurites of senile plaques in Alzheimer's disease are deficient in
cytochrome c oxidase.
Pérez-Gracia E, Torrejón-Escribano B, Ferrer I.

Author information
Abstract
Double-labeling immunofluorescence and confocal microscopy have been used to learn about the
local relationship between amyloid, mitochondria, and cytochrome c oxidase (COX) in dystrophic
neurites of senile plaques in the frontal cortex in Alzheimer's disease (AD). Dystrophic neurites
surrounding amyloid plaques are filled with mitochondrial porin-immunoreactive structures. In contrast
with tangle-bearing and non-tangle-bearing neurons, which express mitochondrial porin and COX
subunit 4, porin-immunoreactive neurites of senile plaques lack COX subunit 4. Parallel western blot
studies in mitochondria-enriched fractions of the frontal cortex in the same cases disclosed reduced
expression levels of COX, but not of prohibitin, in AD stages VB/C of Braak. Co-localization of porin
and lysosomal associated protein 1, as revealed by double-labeling immunofluorescence and
confocal microscopy, suggests that mitochondria may be engulfed by lysosomes in dystrophic
neurites. These findings support a local link between amyloid deposition, abnormal mitochondria and
impaired respiratory chain function (resulting from decrease of COX expression) in dystrophic
neurites of senile plaques in AD.
PMID: 18629521 [PubMed - indexed for MEDLINE]
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J Neural Transm. 2009 Dec;116(12):1635-41. doi: 10.1007/s00702-009-0324-8. Epub 2009 Oct 14.

Analysis of the genes coding for subunit 10 and 15 of cytochrome c oxidase in
Alzheimer's disease.
Vitali M, Venturelli E, Galimberti D, Benerini Gatta L, Scarpini E, Finazzi D.

Author information
Abstract
Decay of mitochondria and oxidative stress are associated with normal aging, but many
neurodegenerative diseases, and particularly Alzheimer's disease (AD), are characterized by a
significant increase in the intensity of these traits. Recent data suggest the possible contribution of
heme deficiency to the progressive derangement of mitochondria in AD brain; shortage of heme, and
particularly of heme-a, actually leads to loss of mitochondrial cytochrome c oxidase (COX), abnormal
production of reactive oxygen species and altered amyloid precursor protein metabolism. We
reasoned that differences in the amount and/or functioning of COX assembly subunit 10 (COX10) and
15 (COX15), the key enzymes involved in heme-a biosynthesis, could be linked to variations of the
individual risk to develop AD. We analyzed their mRNA expression in the hippocampus from AD
patients and controls, investigated the existence of nucleotide variations in their DNA sequences and
analyzed their distribution in large groups of AD and control individuals. COX 15 mRNA was
significantly more abundant in the cerebral tissue of AD patients (3.18 +/- 1.70 vs. 1.22 +/- 0.66
microg, normalized dose, P = 0.01). The IVS-178G>A SNP in COX10 and the c+1120C>T SNP in
COX15 were significantly less represented in the patient group (P < 0.001 and P = 0.017,
respectively) with respective odd ratios of 0.22 and 0.59, suggesting a possible protective role toward
the risk for AD.
PMID: 19826901 [PubMed - indexed for MEDLINE]
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The Alzheimer's disease mitochondrial cascade hypothesis.
Swerdlow RH, Burns JM, Khan SM.

Author information
Abstract
We first proposed the mitochondrial cascade hypothesis of sporadic Alzheimer's disease (AD) in
2004. Our core assumptions were a person's genes determine baseline mitochondrial function and
durability, this durability determines how mitochondria change with advancing age, and critical
changes in mitochondrial function initiate other pathologies characteristic of AD. Since then several
lines of investigation report data consistent with or supportive of our hypothesis. In particular, AD
endophenotype studies suggest a strong maternal genetic contribution, and links between
mitochondrial function, tau phosphorylation, and amyloid-beta (Abeta) amyloidosis are increasingly
recognized. As predicted, AD therapies designed to reduce Abeta thus far have had at best very
limited clinical benefits; our hypothesis identifies alternative therapeutic targets. While placing
mitochondria at the apex of an AD cascade certainly remains controversial, it is increasingly accepted
by the AD research community that mitochondria play an important role in the late-onset forms of the
disease. Even if the mitochondrial cascade hypothesis proves incorrect, considering its assumptions
could potentially advance our understanding of sporadic, late-onset AD.
PMID: 20442494 [PubMed - indexed for MEDLINE] PMCID: PMC2883665
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Metals, oxidative stress and neurodegenerative disorders.
Jomova K, Vondrakova D, Lawson M, Valko M.

Author information
Abstract
The neurodegenerative diseases, Alzheimer's disease (AD) and Parkinson's disease (PD), are agerelated disorders characterized by the deposition of abnormal forms of specific proteins in the brain.
AD is characterized by the presence of extracellular amyloid plaques and intraneuronal neurofibrillary
tangles in the brain. Biochemical analysis of amyloid plaques revealed that the main constituent is
fibrillar aggregates of a 39-42 residue peptide referred to as the amyloid-β protein (Aβ). PD is
associated with the degeneration of dopaminergic neurons in the substantia nigra pars compacta.
One of the pathological hallmarks of PD is the presence of intracellular inclusions called Lewy bodies
that consist of aggregates of the presynaptic soluble protein called α-synuclein. There are various
factors influencing the pathological depositions, and in general, the cause of neuronal death in
neurological disorders appears to be multifactorial. However, it is clear, that the underlying factor in
the neurological disorders is increased oxidative stress substantiated by the findings that the protein
side-chains are modified either directly by reactive oxygen species (ROS) or reactive nitrogen species
(RNS), or indirectly, by the products of lipid peroxidation. The increased level of oxidative stress in AD
brain is reflected by the increased brain content of iron (Fe) and copper (Cu) both capable of
stimulating free radical formation (e.g. hydroxyl radicals via Fenton reaction), increased protein and
DNA oxidation in the AD brain, enhanced lipid peroxidation, decreased level of cytochrome c oxidase
and advanced glycation end products (AGEs), carbonyls, malondialdehyde (MDA), peroxynitrite, and
heme oxygenase-1 (HO-1). AGEs, mainly through their interaction with receptors for advanced
glycation end products (RAGEs), further activate signaling pathways, inducing formation of
proinflammatory cytokines such as interleukin-6 (IL-6). The conjugated aromatic ring of tyrosine
residues is a target for free-radical attack, and accumulation of dityrosine and 3-nitrotyrosine has also
been reported in AD brain. The oxidative stress linked with PD is supported by both postmortem
studies and by studies showing the increased level of oxidative stress in the substantia nigra pars
compacta, demonstrating thus the capacity of oxidative stress to induce nigral cell degeneration.
Markers of lipid peroxidation include 4-hydroxy-trans-2-nonenal (HNE), 4-oxo-trans-2-nonenal (4ONE), acrolein, and 4-oxo-trans-2-hexenal, all of which are well recognized neurotoxic agents. In
addition, other important factors, involving inflammation, toxic action of nitric oxide (NO·), defects in
http://www.ncbi.nlm.nih.gov/pubmed/20730621
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protein clearance, and mitochondrial dysfunction all contribute to the etiology of PD. It has been
suggested that several individual antioxidants or their combinations can be neuroprotective and
decrease the risk of AD or slow its progression. The aim of this review is to discuss the role of redox
metals Fe and Cu and non-redox metal zinc (Zn) in oxidative stress-related etiology of AD and PD.
Attention is focused on the metal-induced formation of free radicals and the protective role of
antioxidants [glutathione (GSH), vitamin C (ascorbic acid)], vitamin E (α-Tocopherol), lipoic acid,
flavonoids [catechins, epigallocatechin gallate (EGCG)], and curcumin. An alternate hypothesis topic
in AD is also discussed.
PMID: 20730621 [PubMed - indexed for MEDLINE]
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Unraveling the role of metal ions and low catalytic activity of cytochrome C
oxidase in Alzheimer's disease.
Alleyne T, Mohan N, Joseph J, Adogwa A.

Author information
Abstract
Alzheimer's disease (AD) is a neurodegenerative disorder characterized by high levels of aluminum
and certain other metal ions in the brain: The disease is also characterized by low activity of brain
cytochrome c oxidase (COX) but whether the elevated metal ions and the low COX activity are linked
is not known. Moreover, COX is known to exhibit two catalytic rates (V (max)) and two substrate
binding constants (K (m)) but it is not known which of these is affected in AD. In this study, we
employed the Klatzo AD rabbit model to evaluate the impact of elevated metal ions on brain COX
activity. New Zealand white rabbits were injected intra-cerebrally with 1.4% solutions of either AlCl(3),
FeCl(3), CaCl(2), or MgCl(2); and 10 days, later the brain mitochondria were isolated. Polarographic
assay revealed that compared to the controls, all four metals led to decreases in the V (max) of the
enzyme's low affinity site. The respective decreases were; 16%, 36%, 18%, and 30%. The results
suggest a sequence of events in vivo in which oxygen radical damage to mitochondria and COX
leads to low ATP production and excess heme establishing conditions thought to be ideal for
neurodegeneration.
PMID: 20725867 [PubMed - indexed for MEDLINE]
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Reduced mitochondria cytochrome oxidase activity in adult children of
mothers with Alzheimer's disease.
Mosconi L, de Leon M, Murray J, E L, Lu J, Javier E, McHugh P, Swerdlow RH.

Author information
Abstract
Biomarker studies demonstrate inheritance of glucose hypometabolism and increased amyloid-β
deposition in adult offspring of mothers, but not fathers, affected by late-onset Alzheimer's disease
(LOAD). The underlying genetic mechanisms are unknown. We investigated whether cognitively
normal (NL) individuals with a maternal history of LOAD (MH) have reduced platelet mitochondrial
cytochrome oxidase activity (COX, electron transport chain complex IV) compared to those with
paternal (PH) or negative family history (NH). Thirty-six consecutive NL individuals (age 55 ± 15 y,
range 27-71 y, 56% female, CDR = 0, MMSE ≥28, 28% APOE-4 carriers), including 12 NH, 12 PH,
and 12 MH, received a blood draw to measure platelet mitochondrial COX activity. Citrate synthase
activity (CS) was measured as a reference. Groups were comparable for clinical and
neuropsychological measures. We found that after correcting for CS, COX activity was reduced by
29% in MH compared to NH, and by 30% in MH compared to PH (p ≤ 0.006). Results remained
significant controlling for age, gender, education, and APOE. No differences were found between PH
and NH. COX measures discriminated MH from the other groups with accuracy ≥75%, and relative
risk ≥3 (p ≤ 0.005). Among NL with LOAD-parents, only those with MH showed reduced COX activity
in platelet mitochondria compared to PH and NH. The association between maternal history of LOAD
and systemic COX reductions suggests transmission via mitochondrial DNA, which is exclusively
maternally inherited in humans.
PMID: 21841246 [PubMed - indexed for MEDLINE] PMCID: PMC3291954
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Neurobiol Aging. 2012 Sep;33(9):2210-4. doi: 10.1016/j.neurobiolaging.2011.08.009. Epub 2011 Sep 16.

Mitochondrial DNA deletions cause the biochemical defect observed in
Alzheimer's disease.
Krishnan KJ, Ratnaike TE, De Gruyter HL, Jaros E, Turnbull DM.

Author information
Abstract
Alzheimer's disease (AD) is the most common form of dementia, increasing in prevalence with age.
Most patients who develop AD have an unknown cause, but characteristic neuropathological features
include the deposition of extracellular amyloid beta and of intraneuronal hyperphosphorylated tau
protein. Researchers have previously implicated mitochondrial dysfunction in AD. We previously
showed an increase in neurons displaying a mitochondrial biochemical defect-cytochrome-c
oxidase (COX) deficiency-in the hippocampus in patients with sporadic AD compared with agematched controls. COX deficiency is well described as a marker of mitochondrial (mt) DNA
dysfunction. This present study analyzed the mtDNA in single neurons from both COX normal and
COX-deficient cells. Analysis of the mtDNA revealed that COX deficiency is caused by high levels of
mtDNA deletions which accumulate with age. Future research is needed to clarify the role mtDNA
deletions have in normal aging and investigate the relationship between mtDNA deletions and the
pathogenesis of sporadic AD.
Copyright © 2012 Elsevier Inc. All rights reserved.
PMID: 21925769 [PubMed - indexed for MEDLINE]
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J Neurochem. 2012 Feb;120(3):419-29. doi: 10.1111/j.1471-4159.2011.07581.x. Epub 2011 Dec 8.

Impaired mitochondrial biogenesis contributes to mitochondrial dysfunction in
Alzheimer's disease.
Sheng B, Wang X, Su B, Lee HG, Casadesus G, Perry G, Zhu X.

Author information
Abstract
Mitochondrial dysfunction is a prominent feature of Alzheimer's disease (AD) brain. Our prior studies
demonstrated reduced mitochondrial number in susceptible hippocampal neurons in the brain from
AD patients and in M17 cells over-expressing familial AD-causing amyloid precursor protein (APP)
mutant (APPswe). In the current study, we investigated whether alterations in mitochondrial
biogenesis contribute to mitochondrial abnormalities in AD. Mitochondrial biogenesis is regulated by
the peroxisome proliferator activator receptor gamma-coactivator 1α (PGC-1α)-nuclear respiratory
factor (NRF)-mitochondrial transcription factor A pathway. Expression levels of PGC-1α, NRF 1, NRF
2, and mitochondrial transcription factor A were significantly decreased in both AD hippocampal
tissues and APPswe M17 cells, suggesting a reduced mitochondrial biogenesis. Indeed, APPswe
M17 cells demonstrated decreased mitochondrial DNA/nuclear DNA ratio, correlated with reduced
ATP content, and decreased cytochrome C oxidase activity. Importantly, over-expression of PGC1α could completely rescue while knockdown of PGC-1α could exacerbate impaired mitochondrial
biogenesis and mitochondrial deficits in APPswe M17 cells, suggesting reduced mitochondrial
biogenesis is likely involved in APPswe-induced mitochondrial deficits. We further demonstrated that
reduced expression of p-CREB and PGC-1α in APPswe M17 cells could be rescued by cAMP in a
dose-dependent manner, which could be inhibited by PKA inhibitor H89, suggesting that the
PKA/CREB pathway plays a critical role in the regulation of PGC-1α expression in APPswe M17 cells.
Overall, this study demonstrated that impaired mitochondrial biogenesis likely contributes to
mitochondrial dysfunction in AD.
© 2011 The Authors. Journal of Neurochemistry © 2011 International Society for Neurochemistry.
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New evidence of mitochondria dysfunction in the female Alzheimer's disease
brain: deficiency of estrogen receptor-β.
Long J, He P, Shen Y, Li R.

Author information
Abstract
Accumulating evidence suggests that mitochondria are important targets for the actions of estrogens
and studies indicated that localization of estrogen receptor β (ERβ) in neuronal mitochondrial
(mtERβ) might directly affect neuronal mitochondrial function in vitro. However, it is unknown what
expression levels and how important mtERβ is in the human brain, particularly in a brain with
Alzheimer's disease (AD). In the present study, using rapidly autopsied human brain tissue, we
found that the frontal cortices of female AD patients exhibited significantly reduced mtERβ, along with
reduced mitochondrial cytochrome C oxidase activity, and increased protein carbonylation
compared to that in normal controls. The correlation between mtERβ expression and mitochondrial
cytochrome C oxidase activity in the female human brain is significant. To understand the possible
mechanisms of mtERβ in AD-related mitochondrial dysfunction, using ERβKO mice as a model, we
found that lack of ERβ enhanced brain reactive oxygen species generation and reduced
mitochondrial membrane potential under Aβ peptide insult compared to brain mitochondria from wildtype control mice. Our studies, for the first time, demonstrated neuronal mtERβ expression in the
human brain and the deficiency of mtERβ in the female AD brain is associated with the dysfunction of
mitochondria. Our results from ERβKO mice demonstrated that ERβ depletion-induced mitochondrial
dysfunction is mediated through increasing reactive oxygen generation and reduction of mitochondria
membrane potential. These results indicate that ERβ depletion impairs mitochondrial function in mice,
and reduction of brain mtERβ may significantly contribute to the mitochondrial dysfunction involved in
AD pathogenesis in women.
PMID: 22451324 [PubMed - indexed for MEDLINE] PMCID: PMC3506431
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[Platelet cytochrome c-oxidase and glutamine synthetase-like protein in
patients with mild cognitive impairment].
[Article in Russian]
Burbaeva GSh, Boksha IS, Savushkina OK, Turishcheva MS, Tereshkina EB, Starodubtseva LI, Gavrilova SI,
Fedorova IaB, Zhuravin IA.

Abstract
The study aimed to develop pre-clinical diagnosis of Alzheimer's disease (AD) and - in future preventive therapy in patients with mild cognitive impairment (MCI). The MCI group (n=44) and AD
group (n=42, including 18 patients with soft dementia and 24 patients with mild dementia) were
studied. The groups were matched for age (median 70 and 69 years for MCI and AD groups,
respectively). The control group comprised 24 mentally healthy relatives of the patients. Correlations
between the activity/amounts of platelet enzymes: cytochrome c-oxidase (COX), glutamine
synthetase-like protein (GSLP) and the extent of cognitive impairment were studied. The COX activity
in MCI and AD groups was significantly lower than in the control group (Kruskal-Wallis test p=0.0001,
χ²=11.6, p=0.003). These tests showed significant differences in GSLP amount between three groups
(p=0.04 and χ²=9.38, p=0.01, respectively). Significant reverse correlation (Spearman R= -0.43,
p=0.007) was found between GSLP amount and MMSE scores for MCI+AD group, i.e., the lower
MMSE scores, the higher platelet GSLP level. Platelet COX and GSLP may be considered as early
markers of cognitive impairment.
PMID: 22677667 [PubMed - indexed for MEDLINE]
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Broad-based nutritional supplementation in 3xTg mice corrects mitochondrial
function and indicates sex-specificity in response to Alzheimer's disease
intervention.
Wolf AB, Braden BB, Bimonte-Nelson H, Kusne Y, Young N, Engler-Chiurazzi E, Garcia AN, Walker DG, Moses
GS, Tran H, LaFerla F, Lue L, Emerson Lombardo N, Valla J.

Author information
Abstract
Nutrition has been highlighted as a potential factor in Alzheimer's disease (AD) risk and decline and
has been investigated as a therapeutic target. Broad-based combination diet therapies have the
potential to simultaneously effect numerous protective and corrective processes, both directly (e.g.,
neuroprotection) and indirectly (e.g., improved vascular health). Here we administered either normal
mouse chow with a broad-based nutritional supplement or mouse chow alone to aged male and
female 3xTg mice and wildtype (WT) controls. After approximately 4 months of feeding, mice were
given a battery of cognitive tasks and then injected with a radiolabeled glucose analog. Brains were
assessed for differences in regional glucose uptake and mitochondrial cytochrome oxidase activity,
AD pathology, and inflammatory markers. Supplementation induced behavioral changes in the 3xTg,
but not WT, mice, and the mode of these changes was influenced by sex. Subsequent analyses
indicated that differential response to supplementation by male and female 3xTg mice highlighted
brain regional strategies for the preservation of function. Several regions involved have been shown
to mediate responses to steroid hormones, indicating a mechanism for sex-based vulnerability. Thus,
these findings may have broad implications for the human response to future therapeutics.
PMID: 22796872 [PubMed - indexed for MEDLINE] PMCID: PMC3774548
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Mitochondria in neurodegeneration.
Lezi E, Swerdlow RH.

Author information
Abstract
Many neurodegenerative diseases demonstrate abnormal mitochondrial morphology and biochemical
dysfunction. Alterations are often systemic rather than brain-limited. Mitochondrial dysfunction may
arise as a consequence of abnormal mitochondrial DNA, mutated nuclear proteins that interact
directly or indirectly with mitochondria, or through unknown causes. In most cases it is unclear where
mitochondria sit in relation to the overall disease cascades that ultimately causes neuronal
dysfunction and death, and there is still controversy regarding the question of whether mitochondrial
dysfunction is a necessary step in neurodegeneration. In this chapter we highlight and catalogue
mitochondrial perturbations in some of the major neurodegenerative diseases including Alzheimer's
disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), and Huntington's
disease (HD). We consider data that suggest mitochondria may be critically involved in
neurodegenerative disease neurodegeneration cascades.
PMID: 22399427 [PubMed - indexed for MEDLINE] PMCID: PMC3618469
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Role of mitochondrial homeostasis and dynamics in Alzheimer's disease.
Selfridge JE, E L, Lu J, Swerdlow RH.

Author information
Abstract
Alzheimer's disease (AD) is a progressive neurodegenerative disease that affects a staggering
percentage of the aging population and causes memory loss and cognitive decline. Mitochondrial
abnormalities can be observed systemically and in brains of patients suffering from AD, and may
account for part of the disease phenotype. In this review, we summarize some of the key findings that
indicate mitochondrial dysfunction is present in AD-affected subjects, including cytochrome oxidase
deficiency, endophenotype data, and altered mitochondrial morphology. Special attention is given to
recently described perturbations in mitochondrial autophagy, fission-fusion dynamics, and biogenesis.
We also briefly discuss how mitochondrial dysfunction may influence amyloidosis in Alzheimer's
disease, why mitochondria are a valid therapeutic target, and strategies for addressing AD-specific
mitochondrial dysfunction.
Copyright © 2012 Elsevier Inc. All rights reserved.
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Mitochondrial defects and oxidative stress in Alzheimer disease and Parkinson
disease.
Yan MH, Wang X, Zhu X.

Author information
Abstract
Alzheimer disease (AD) and Parkinson disease (PD) are the two most common age-related
neurodegenerative diseases characterized by prominent neurodegeneration in selective neural
systems. Although a small fraction of AD and PD cases exhibit evidence of heritability, among which
many genes have been identified, the majority are sporadic without known causes. Molecular
mechanisms underlying neurodegeneration and pathogenesis of these diseases remain elusive.
Convincing evidence demonstrates oxidative stress as a prominent feature in AD and PD and links
oxidative stress to the development of neuronal death and neural dysfunction, which suggests a key
pathogenic role for oxidative stress in both AD and PD. Notably, mitochondrial dysfunction is also a
prominent feature in these diseases, which is likely to be of critical importance in the genesis and
amplification of reactive oxygen species and the pathophysiology of these diseases. In this review,
we focus on changes in mitochondrial DNA and mitochondrial dynamics, two aspects critical to the
maintenance of mitochondrial homeostasis and function, in relationship with oxidative stress in the
pathogenesis of AD and PD.
Copyright © 2012 Elsevier Inc. All rights reserved.
KEYWORDS: 1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine, AD, ADDL, APP, Alzheimer disease, ApoE4, Aβ, Aβderived diffusible ligand, COX, DLP1, aka Drp1, ETC, Free radicals, LHON, LRRK2 or PARK8, Leber's hereditary
optic neuropathy, MERRF, MMP, MPTP, Mfn, Mitochondrial DNA, Mitochondrial dynamics, Mitochondrial
dysfunction, OMM, OPA-1, OXPHOS, Oxidative stress, PD, PINK1 or PARK6, PS, PTEN-induced putative kinase,
Parkinson disease, ROS, SNP, SOD, amyloid-β, amyloid-β protein precursor, apolipoprotein E, cytochrome c
oxidase, dynamin-like protein 1, electron transport chain, leucine-rich repeat kinase 2, mitochondrial DNA,
mitochondrial membrane potential, mitofusin, mtDNA, myoclonic epilepsy with red ragged fibers syndrome, optic
atrophy protein 1, outer mitochondrial membrane, oxidative phosphorylation, presenilin, reactive oxygen species,
single-nucleotide polymorphism, superoxide dismutase
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Decoding Alzheimer's disease from perturbed cerebral glucose metabolism:
implications for diagnostic and therapeutic strategies.
Chen Z, Zhong C.

Author information
Abstract
Alzheimer's disease (AD) is an age-related devastating neurodegenerative disorder, which severely
impacts on the global economic development and healthcare system. Though AD has been studied
for more than 100 years since 1906, the exact cause(s) and pathogenic mechanism(s) remain to be
clarified. Also, the efficient disease-modifying treatment and ideal diagnostic method for AD are
unavailable. Perturbed cerebral glucose metabolism, an invariant pathophysiological feature of AD,
may be a critical contributor to the pathogenesis of this disease. In this review, we firstly discussed
the features of cerebral glucose metabolism in physiological and pathological conditions. Then, we
further reviewed the contribution of glucose transportation abnormality and intracellular glucose
catabolism dysfunction in AD pathophysiology, and proposed a hypothesis that multiple pathogenic
cascades induced by impaired cerebral glucose metabolism could result in neuronal degeneration
and consequently cognitive deficits in AD patients. Among these pathogenic processes, altered
functional status of thiamine metabolism and brain insulin resistance are highly emphasized and
characterized as major pathogenic mechanisms. Finally, considering the fact that AD patients exhibit
cerebral glucose hypometabolism possibly due to impairments of insulin signaling and altered
thiamine metabolism, we also discuss some potential possibilities to uncover diagnostic biomarkers
for AD from abnormal glucose metabolism and to develop drugs targeting at repairing insulin
signaling impairment and correcting thiamine metabolism abnormality. We conclude that glucose
metabolism abnormality plays a critical role in AD pathophysiological alterations through the induction
of multiple pathogenic factors such as oxidative stress, mitochondrial dysfunction, and so forth. To
clarify the causes, pathogeneses and consequences of cerebral hypometabolism in AD will help
break the bottleneck of current AD study in finding ideal diagnostic biomarker and disease-modifying
therapy.
Copyright © 2013 Elsevier Ltd. All rights reserved.
KEYWORDS: (11)C-Pittsbergh compound, (18)F-fluorodeoxyglucose, 8-OHG, 8-hydroxyguanosine, AD, AD
neuroimaging initiative, ADNI, ADP, AGEs, APOE, APP, APP C-terminal fragments, APP-CTFs, ATP, Advanced
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The Alzheimer's disease mitochondrial cascade hypothesis: Progress and
perspectives.
Swerdlow RH, Burns JM, Khan SM.

Author information
Abstract
Ten years ago we first proposed the Alzheimer's disease (AD) mitochondrial cascade hypothesis.
This hypothesis maintains that gene inheritance defines an individual's baseline mitochondrial
function; inherited and environmental factors determine rates at which mitochondrial function changes
over time; and baseline mitochondrial function and mitochondrial change rates influence AD
chronology. Our hypothesis unequivocally states in sporadic, late-onset AD, mitochondrial function
affects amyloid precursor protein (APP) expression, APP processing, or beta amyloid (Aβ)
accumulation and argues if an amyloid cascade truly exists, mitochondrial function triggers it. We now
review the state of the mitochondrial cascade hypothesis, and discuss it in the context of recent AD
biomarker studies, diagnostic criteria, and clinical trials. Our hypothesis predicts that biomarker
changes reflect brain aging, new AD definitions clinically stage brain aging, and removing brain Aβ at
any point will marginally impact cognitive trajectories. Our hypothesis, therefore, offers unique
perspective into what sporadic, late-onset AD is and how to best treat it. This article is part of a
Special Issue entitled: Misfolded Proteins, Mitochondrial Dysfunction and Neurodegenerative
Diseases.
© 2013.
KEYWORDS: AD, APP, Aging, Alzheimer's disease, Amyloid, Aβ, Brain, COX, COX2, CSF, DAT, Dementia, FAD,
FDG PET, HIF1α, LOAD, MCI, MRI, Mitochondria, NAD, PEG, PGC1α, SDAT, SIRT1, TFAM, TOMM40, amyloid
precursor protein, beta amyloid, cerebrospinal fluid, cybrid, cytochrome oxidase, cytochrome oxidase subunit 2,
cytoplasmic hybrid, dementia of the Alzheimer's type, familial Alzheimer's disease, fluorodeoxyglucose positron
emission tomography, hypoxia induction factor 1 α, late-onset Alzheimer's disease, mTOR, magnetic resonance
imaging, mammalian target of rapamycin, mild cognitive impairment, mitochondrial DNA, mtDNA, nicotinamide
adenine dinucleotide, peroxisome proliferator activated receptor gamma complex 1 α, polyethylene glycol, sAPPα,
senile dementia of the Alzheimer's type, silent information regulator of transcription 1, soluble amyloid precursor
protein α, transcription factor A of the mitochondria, translocase of the outer mitochondrial membrane 40 homolog
PMID: 24071439 [PubMed - as supplied by publisher]

http://www.ncbi.nlm.nih.gov/pubmed/24071439

Page 1 of 2

cytochrome c oxidase AND laser - PubMed - NCBI

PubMed

Format: Summary

4/24/18, 3)31 PM

cytochrome c oxidase AND laser
Sort by: Most Recent

Per page: 20

Search results
Items: 1 to 20 of 385

1.

Phototherapy with LED Shows Promising Results in Healing Chronic Wounds in Diabetes Mellitus Patients: A
Prospective Randomized Double-Blind Study.
Frangež I, Nizič-Kos T, Frangež HB.
Photomed Laser Surg. 2018 Apr 18. doi: 10.1089/pho.2017.4382. [Epub ahead of print]
PMID: 29668397

2.

Aging Is a Sticky Business.
Sommer AP.
Photomed Laser Surg. 2018 Mar 23. doi: 10.1089/pho.2017.4393. [Epub ahead of print]
PMID: 29570422

3.

Light-emitting diode therapy (photobiomodulation) effects on oxygen uptake and cardiac output dynamics
during moderate exercise transitions: a randomized, crossover, double-blind, and placebo-controlled study.
Beltrame T, Ferraresi C, Parizotto NA, Bagnato VS, Hughson RL.
Lasers Med Sci. 2018 Mar 7. doi: 10.1007/s10103-018-2473-1. [Epub ahead of print]
PMID: 29516305

4.

Brain Photobiomodulation Therapy: a Narrative Review.
Salehpour F, Mahmoudi J, Kamari F, Sadigh-Eteghad S, Rasta SH, Hamblin MR.
Mol Neurobiol. 2018 Jan 11. doi: 10.1007/s12035-017-0852-4. [Epub ahead of print] Review.
PMID: 29327206

5.

Comparative Proteomic Analysis of Three Gelatinous Chinese Medicines and Their Authentications by Trypticdigested Peptides Profiling using Matrix-assisted Laser Desorption/Ionization-time of Flight/Time of Flight Mass
Spectrometry.
Yang H, Zheng J, Wang HY, Li N, Yang YY, Shen YP.
Pharmacogn Mag. 2017 Oct-Dec;13(52):663-667. doi: 10.4103/pm.pm_54_17. Epub 2017 Nov 13.
PMID: 29200730
Free PMC Article

6.

Could adverse effects and complications of selective laser trabeculoplasty be decreased by low-power laser
therapy?
Paiva ACM, da Fonseca AS.
Int Ophthalmol. 2017 Nov 30. doi: 10.1007/s10792-017-0775-0. [Epub ahead of print] Review.
PMID: 29189945

https://www.ncbi.nlm.nih.gov/pubmed/?term=cytochrome+c+oxidase+AND+laser

Page 1 of 3

Body contouring using 635-nm low level ... [Semin Cutan Med Surg. 2013] - PubMed - NCBI

12/30/13 1:23 PM

PubMed

Display Settings:

Abstract

Semin Cutan Med Surg. 2013 Mar;32(1):35-40.

Body contouring using 635-nm low level laser therapy.
Nestor MS, Newburger J, Zarraga MB.

Author information
Abstract
Noninvasive body contouring has become one of the fastest-growing areas of esthetic medicine.
Many patients appear to prefer nonsurgical less-invasive procedures owing to the benefits of fewer
side effects and shorter recovery times. Increasingly, 635-nm low-level laser therapy (LLLT) has
been used in the treatment of a variety of medical conditions and has been shown to improve wound
healing, reduce edema, and relieve acute pain. Within the past decade, LLLT has also emerged as a
new modality for noninvasive body contouring. Research has shown that LLLT is effective in reducing
overall body circumference measurements of specifically treated regions, including the hips, waist,
thighs, and upper arms, with recent studies demonstrating the long-term effectiveness of results. The
treatment is painless, and there appears to be no adverse events associated with LLLT. The
mechanism of action of LLLT in body contouring is believed to stem from photoactivation of
cytochrome c oxidase within hypertrophic adipocytes, which, in turn, affects intracellular secondary
cascades, resulting in the formation of transitory pores within the adipocytes' membrane. The
secondary cascades involved may include, but are not limited to, activation of cytosolic lipase and
nitric oxide. Newly formed pores release intracellular lipids, which are further metabolized. Future
studies need to fully outline the cellular and systemic effects of LLLT as well as determine optimal
treatment protocols.
PMID: 24049928 [PubMed - indexed for MEDLINE]
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Neurological and psychological applications of transcranial lasers and LEDs.
Rojas JC, Gonzalez-Lima F.

Author information
Abstract
Transcranial brain stimulation with low-level light/laser therapy (LLLT) is the use of directional lowpower and high-fluency monochromatic or quasimonochromatic light from lasers or LEDs in the redto-near-infrared wavelengths to modulate a neurobiological function or induce a neurotherapeutic
effect in a nondestructive and non-thermal manner. The mechanism of action of LLLT is based on
photon energy absorption by cytochrome oxidase, the terminal enzyme in the mitochondrial
respiratory chain. Cytochrome oxidase has a key role in neuronal physiology, as it serves as an
interface between oxidative energy metabolism and cell survival signaling pathways. Cytochrome
oxidase is an ideal target for cognitive enhancement, as its expression reflects the changes in
metabolic capacity underlying higher-order brain functions. This review provides an update on new
findings on the neurotherapeutic applications of LLLT. The photochemical mechanisms supporting its
cognitive-enhancing and brain-stimulatory effects in animal models and humans are discussed. LLLT
is a potential non-invasive treatment for cognitive impairment and other deficits associated with
chronic neurological conditions, such as large vessel and lacunar hypoperfusion or
neurodegeneration. Brain photobiomodulation with LLLT is paralleled by pharmacological effects of
low-dose USP methylene blue, a non-photic electron donor with the ability to stimulate cytochrome
oxidase activity, redox and free radical processes. Both interventions provide neuroprotection and
cognitive enhancement by facilitating mitochondrial respiration, with hormetic dose-response effects
and brain region activational specificity. This evidence supports enhancement of mitochondrial
respiratory function as a generalizable therapeutic principle relevant to highly adaptable systems that
are exquisitely sensitive to energy availability such as the nervous system.
Copyright © 2013 Elsevier Inc. All rights reserved.
KEYWORDS: Cognitive enhancement, Cytochrome oxidase, Low-level light therapy, Methylene blue,
Neuroprotection, Photobiomodulation
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Mechanisms of action for light therapy: a review of molecular interactions.
Prindeze NJ, Moffatt LT, Shupp JW.

Author information
Abstract
Five decades after the first documented use of a laser for wound healing, research in light therapy
has yet to elucidate the underlying biochemical pathways causing its effects. The aim of this review is
to summarize the current research into the biochemical mechanisms of light therapy in order to better
direct future studies. The implication of cytochrome c oxidase as the photoacceptor modulating light
therapy is reviewed, as are the predominant hypotheses of the biochemical pathways involved in the
stimulation of wound healing, cellular proliferation, production of transcription factors and other
reported stimulatory effects.
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Low-level laser therapy for beta amyloid toxicity in rat
hippocampus.
Lu Y1, Wang R2, Dong Y1, Tucker D1, Zhao N1, Ahmed ME1, Zhu L3, Liu TC3, Cohen RM4, Zhang Q5.
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Abstract
Beta amyloid (Aβ) is well accepted to play a central role in the pathogenesis of Alzheimer's disease
(AD). The present work evaluated the therapeutic effects of low-level laser irradiation (LLI) on Aβinduced neurotoxicity in rat hippocampus. Aβ 1-42 was injected bilaterally to the hippocampus CA1
region of adult male rats, and 2-minute daily LLI treatment was applied transcranially after Aβ
injection for 5 consecutive days. LLI treatment suppressed Aβ-induced hippocampal
neurodegeneration and long-term spatial and recognition memory impairments. Molecular studies
revealed that LLI treatment: (1) restored mitochondrial dynamics, by altering fission and fusion
protein levels thereby suppressing Aβ-induced extensive fragmentation; (2) suppressed Aβ-induced
collapse of mitochondrial membrane potential; (3) reduced oxidized mitochondrial DNA and
excessive mitophagy; (4) facilitated mitochondrial homeostasis via modulation of the Bcl-2associated X protein/B-cell lymphoma 2 ratio and of mitochondrial antioxidant expression; (5)
promoted cytochrome c oxidase activity and adenosine triphosphate synthesis; (6) suppressed Aβinduced glucose-6-phosphate dehydrogenase and nicotinamide adenine dinucleotide phosphate
https://www.ncbi.nlm.nih.gov/pubmed/?term=27815990

Page 1 of 2

Low-level laser therapy for beta amyloid toxicity in rat hippocampus. - PubMed - NCBI

9/21/17, 1(35 PM

oxidase activity; (7) enhanced the total antioxidant capacity of hippocampal CA1 neurons, whereas
reduced the oxidative damage; and (8) suppressed Aβ-induced reactive gliosis, inflammation, and
tau hyperphosphorylation. Although development of AD treatments has focused on reducing
cerebral Aβ levels, by the time the clinical diagnosis of AD or mild cognitive impairment is made, the
brain is likely to have already been exposed to years of elevated Aβ levels with dire consequences
for multiple cellular pathways. By alleviating a broad spectrum of Aβ-induced pathology that
includes mitochondrial dysfunction, oxidative stress, neuroinflammation, neuronal apoptosis, and
tau pathology, LLI could represent a new promising therapeutic strategy for AD.
Copyright © 2016 Elsevier Inc. All rights reserved.
KEYWORDS: Alzheimer's disease; Cognition; Inflammation; Low-level laser therapy; Mitochondrial dysfunction
PMID: 27815990

PMCID: PMC5458630 [Available on 2018-01-01]

DOI: 10.1016/j.neurobiolaging.2016.10.003

Grant support
LinkOut - more resources

PubMed Commons

PubMed Commons home

0 comments
How to join PubMed Commons

https://www.ncbi.nlm.nih.gov/pubmed/?term=27815990

Page 2 of 2

Photobiomodulation and the brain: a new paradigm. - PubMed - NCBI

12/30/17, 6*33 PM

PubMed

Format: Abstract
J Opt. 2017 Jan;19(1):013003. doi: 10.1088/2040-8986/19/1/013003. Epub 2016 Dec 14.

Photobiomodulation and the brain: a new paradigm.
Hennessy M1, Hamblin MR2,3,4.

Author information
1
2
3
4

Briarcliff High School, Briarcliff Manor, NY, USA.
Wellman Center for Photomedicine, Massachusetts General Hospital, Boston, MA, USA.
Department of Dermatology, Harvard Medical School, Boston, MA, USA.
Harvard-MIT Division of Health Sciences and Technology, Cambridge, MA, USA.

Abstract
Transcranial photobiomodulation (PBM) also known as low level laser therapy (tLLLT) relies on the
use of red/NIR light to stimulate, preserve and regenerate cells and tissues. The mechanism of
action involves photon absorption in the mitochondria (cytochrome c oxidase), and ion channels
in cells leading to activation of signaling pathways, up-regulation of transcription factors, and
increased expression of protective genes. We have studied PBM for treating traumatic brain injury
(TBI) in mice using a NIR laser spot delivered to the head. Mice had improved memory and
learning, increased neuroprogenitor cells in the dentate gyrus and subventricular zone, increased
BDNF and more synaptogenesis in the cortex. These highly beneficial effects on the brain suggest
that the applications of tLLLT are much broader than at first conceived. Other groups have studied
stroke (animal models and clinical trials), Alzheimer's disease, Parkinson's disease, depression,
and cognitive enhancement in healthy subjects.
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Abstract
BACKGROUND: Low-level laser therapy (LLLT) or photobiomodulation (PBM) is a possible
treatment for brain injury, including traumatic brain injury (TBI).
METHODS: We review the fundamental mechanisms at the cellular and molecular level and the
effects on the brain are discussed. There are several contributing processes that have been
proposed to lead to the beneficial effects of PBM in treating TBI such as stimulation of
neurogenesis, a decrease in inflammation, and neuroprotection. Both animal and clinical trials for
ischemic stroke are outlined. A number of articles have shown how transcranial LLLT (tLLLT) is
effective at increasing memory, learning, and the overall neurological performance in rodent models
with TBI.
RESULTS: Our laboratory has conducted three different studies on the effects of tLLLT on mice
with TBI. The first studied pulsed against continuous laser irradiation, finding that 10 Hz pulsed was
the best. The second compared four different wavelengths, discovering only 660 and 810 nm to
have any effectiveness, whereas 732 and 980 nm did not. The third looked at varying regimens of
daily laser treatments (1, 3, and 14 days) and found that 14 laser applications was excessive. We
also review several studies of the effects of tLLLT on neuroprogenitor cells, brain-derived
neurotrophic factor and synaptogenesis, immediate early response knockout mice, and tLLLT in
combination therapy with metabolic inhibitors.
CONCLUSIONS: Finally, some clinical studies in TBI patients are covered.
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Photobiomodulation (PBM) describes the use of red or near-infrared light to
stimulate, heal, regenerate, and protect tissue that has either been injured, is
degenerating, or else is at risk of dying.
One of the organ systems of the human body that is most necessary to life, and
whose optimum functioning is most worried about by humankind in general, is the
brain.
The brain suffers from many different disorders that can be classified into three
broad groupings: traumatic events (stroke, traumatic brain injury, and global
ischemia), degenerative diseases (dementia, Alzheimer's and Parkinson's), and
psychiatric disorders (depression, anxiety, post traumatic stress disorder).
There is some evidence that all these seemingly diverse conditions can be
beneficially affected by applying light to the head.
There is even the possibility that PBM could be used for cognitive enhancement in
normal healthy people.
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Abstract
OBJECTIVE: This study investigated whether patients with mild to moderately severe dementia or
possible Alzheimer's disease (AD) with Mini-Mental State Exam (MMSE) Baseline scores of 10-24
would improve when treated with near-infrared photobiomodulation (PBM) therapy.
BACKGROUND: Animal studies have presented the potential of PBM for AD. Dysregulation of the
brain's default mode network (DMN) has been associated with AD, presenting the DMN as an
identifiable target for PBM.
MATERIALS AND METHODS: The study used 810 nm, 10 Hz pulsed, light-emitting diode devices
combining transcranial plus intranasal PBM to treat the cortical nodes of the DMN (bilateral mesial
prefrontal cortex, precuneus/posterior cingulate cortex, angular gyrus, and hippocampus). Five
patients with mild to moderately severe cognitive impairment were entered into 12 weeks of active
treatment as well as a follow-up no-treatment, 4-week period. Patients were assessed with the
MMSE and Alzheimer's Disease Assessment Scale (ADAS-cog) tests. The protocol involved
weekly, in-clinic use of a transcranial-intranasal PBM device; and daily at-home use of an
intranasal-only device.
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RESULTS: There was significant improvement after 12 weeks of PBM (MMSE, p < 0.003; ADAScog, p < 0.023). Increased function, better sleep, fewer angry outbursts, less anxiety,
and wandering were reported post-PBM. There were no negative side effects. Precipitous declines
were observed during the follow-up no-treatment, 4-week period. This is the first completed PBM
case series to report significant, cognitive improvement in mild to moderately severe dementia and
possible AD cases.
CONCLUSIONS: Results suggest that larger, controlled studies are warranted. PBM shows
potential for home treatment of patients with dementia and AD.
KEYWORDS: Alzheimer's disease; LED; LLLT; dementia; intranasal; photobiomodulation; transcranial
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Abstract
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This year marks the 50th anniversary of the discovery of the laser. The development of lasers for
medical use, which became known as low-level laser therapy (LLLT) or photobiomodulation,
followed in 1967. In recent years, LLLT has become an increasingly mainstream modality,
especially in the areas of physical medicine and rehabilitation. At first used mainly for wound
healing and pain relief, the medical applications of LLLT have broadened to include diseases such
as stroke, myocardial infarction, and degenerative or traumatic brain disorders. This review will
cover the mechanisms of LLLT that operate both on a cellular and a tissue level. Mitochondria are
thought to be the principal photoreceptors, and increased adenosine triphosphate, reactive oxygen
species, intracellular calcium, and release of nitric oxide are the initial events. Activation of
transcription factors then leads to expression of many protective, anti-apoptotic, anti-oxidant, and
pro-proliferation gene products. Animal studies and human clinical trials of LLLT for indications
with relevance to neurology, such as stroke, traumatic brain injury, degenerative brain disease,
spinal cord injury, and peripheral nerve regeneration, will be covered.
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It was not long after the discovery of the first lasers (the ruby laser in 1960 and the heliumneon [HeNe] laser in 1961) that they began to be used in medical applications. In 1967,
Endre Mester in Hungary noticed the ability of the HeNe laser to increase hair growth [1]
and stimulate wound healing in mice [2], and, shortly afterward, he began to use lasers to
treat patients with nonhealing skin ulcers [3]. Since those early days, the use of low-power
lasers (as opposed to high-power lasers that can destroy tissue by a photothermal effect) has
steadily increased in diverse areas of medical practice that require healing, prevention of
tissue death, pain relief, reduction of inflammation, and regenerative medicine. Some of the
different organ systems, diseases, and injuries that have been effectively treated with lowlevel laser therapy (LLLT) are schematically shown in Figure 1.
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Nevertheless, this modality, which is variously known as LLLT or photobiomodulation,
remains controversial. The reasons for this lack of general acceptance among both the
medical community and the general public at large are 2-fold. First, widespread uncertainty
and confusion exists about the mechanisms of action of LLLT at the molecular, cellular, and
tissue levels. Second, a large number of parameters (eg, wavelength, fluence, irradiance,
treatment timing and repetition, pulsing, and polarization) can be chosen in designing LLLT
protocols. Furthermore, a biphasic dose response exists in laser therapy [4], which describes
the observation that increasing the overall “dose” of the laser either by increasing the power
density or by increasing the illumination time may have a counter-productive effect
compared with the benefit obtained with lower doses. Taken together, these considerations
may explain why a number of negative studies have been published; however, this should
not be taken to imply that LLLT in general does not work but rather that the laser parameters
used in those particular studies were ineffective.
In recent years, the development of light-emitting diodes (LEDs) as alternative light sources
for LLLT has added to the confusion. These devices produce light with wavelengths similar
to those of lasers, but they have broader output peaks (ie, they are less monochromatic) and
lack the coherence that is a particular feature of laser light. LEDs have the advantage of
being significantly less expensive than laser diodes (by a factor of approximately 100 on a
milliwatt basis), and the LLLT community is engaged in a vigorous ongoing debate about
their respective benefits.
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This review covers the mechanisms that are thought to operate at molecular and cellular
levels in LLLT. Many of the most compelling applications of LLLT are in the field of
neurology (both central and peripheral). Many serious brain diseases and injuries can be
successfully treated with noninvasive transcranial laser therapy. Furthermore, in the
peripheral nervous system, LLLT can be used effectively for nerve regeneration and pain
relief.

CELLULAR AND MOLECULAR MECHANISMS OF LLLT
LLLT uses low-powered laser light in the range of 1-1000 mW, at wavelengths from
632-1064 nm, to stimulate a biological response. These lasers emit no heat, sound, or
vibration. Instead of generating a thermal effect, LLLT acts by inducing a photochemical
reaction in the cell, a process referred to as biostimulation or photobiomodulation. Photobiology works on the principle that, when light hits certain molecules called chromophores,
the photon energy causes electrons to be excited and jump from low-energy orbits to higherenergy orbits. In nature, this stored energy can be used by the system to perform various
cellular tasks, such as photosynthesis and photomorphogenesis. Numerous examples of
chromophores exist in nature, such as chlorophyll in plants, bacteriochlorophyll in bluegreen algae, flavoproteins, and hemoglobin found in red blood cells. The respective colors
PM R. Author manuscript; available in PMC 2011 December 1.
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of chromophores are determined by the part of the spectrum of light they absorb:
chlorophyll is green, flavoprotein is yellow, and hemoglobin is red [5].
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Mitochondria are considered the power generators of the eukaryotic cell, converting oxygen
and nutrients through the oxidative phosphorylation process and electron transport chain into
adenosine triphosphate (ATP), as shown in Figure 2. The basic idea behind cellular
respiration is that high-energy electrons are passed from electron carriers, such as reduced
nicotinamide adenine dinucleotide (NADH) and the reduced form of flavin adenine
dinucleotide (FADH2), through a series of transmembrane complexes (including cytochrome
c oxidase [CCO]) to the final electron acceptor, generating a proton gradient. The gradient is
used by FOF1 ATP synthase to produce ATP. Various in vitro experiments, such as those
that use rat liver isolates, found that cellular respiration was upregulated when mitochondria
were exposed to an HeNe laser or other forms of illumination. Laser irradiation caused an
increase in mitochondrial products (such as ATP [6], NADH, protein, ribonucleic acid
[RNA] [7]) and a reciprocal augmentation in oxygen consumption. A similar effect is
produced when tissue that contains mitochondria is exposed to low-level radiation. Visible
and near-infrared (NIR) light is absorbed by the organelle, and an upregulation of cellular
respiration is observed [8].
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Once it was observed that LLLT's mechanism of action is at the level of the mitochondria, it
remained to be determined what specific structure within the mitochondria acted as the
chromophore. Four membrane-bound complexes have been identified in mitochondria, each
constituting an extremely complex transmembrane structure embedded in the inner
membrane. Complex IV, also known as CCO, is a large transmembrane protein complex
found in mitochondria, which is a component of the respiratory electron transport chain
(Figure 3). CCO appears to absorb the same spectrum of light as that observed for the action
spectra for the biological response to light in the NIR range. Thus it is reasonable to assume
that CCO acts as an important chromophore in LLLT [9]. CCO consists of 2 copper centers
and 2 heme-iron centers that are capable of absorbing light over a wide range, including
NIR.

NIH-PA Author Manuscript

The next reasonable question to consider is: What action does CCO modulate once it
absorbs the energy from light? On the cellular level, LLLT may cause photodissociation of
nitric oxide (NO) from CCO. In a stressed cell, NO produced by mitochondrial NO synthase
displaces oxygen from CCO, which results in a downregulation of cellular respiration and a
subsequent decrease in the production of energy-storing compounds, such as ATP. By
dissociating NO from CCO, LLLT prevents the displacement of oxygen from CCO and
thereby promotes unhindered cellular respiration [10] (see Figure 4). Increased CCO
enzyme activity can be measured [11]; increased ATP production [12] and increased
electron transport [13] also have been reported. The basic idea behind cellular respiration is
that high-energy electrons are passed from electron carriers, such as NADH and FADH2,
through a series of transmembrane complexes (including CCO) to the final electron
acceptor. Increased cellular ATP produced by LLLT may contribute to the positive effects,
both by raising cellular energy levels and by upregulating the cyclic AMP molecule
(biochemically formed from ATP) that is involved in many signaling pathways.
Oxygen acts as the final electron acceptor and is, in the process, converted to water. Part of
the oxygen that is metabolized produces reactive oxygen species (ROS) as a natural byproduct. ROS (eg, superoxide and hydrogen peroxide) are chemically active molecules that
play an important role in cell signaling, regulation of cell cycle progression, enzyme
activation, and nucleic acid and protein synthesis [14]. Because LLLT promotes the
metabolism of oxygen, it also acts to increase ROS production. In turn, ROS activates
certain redox-sensitive transcription factors such as nuclear factor-κB [NF-κB] and activator
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protein 1, which leads to the upregulation of various stimulatory and protective genes. The
ultimate effect of LLLT is likely to be produced by transcription factor activation, which
modulates the host's downstream cellular and tissue responses (see Figure 5).
Almost certainly, other mechanisms through which LLLT produces its effects are at play in
addition to the one just described. For example, NO is a potent vasodilator via its effect on
cyclic guanine monophosphate production. Cyclic guanine monophosphate is also involved
in many other signaling pathways. LLLT may cause the photodissociation of NO from
intracellular stores (ie, nitrosylated forms of both hemoglobin and myoglobin, in addition to
CCO) [15]. LLLT promotes the synthesis of deoxyribonucleic acid (DNA) and RNA [16]
and increases the production of proteins [17]. It also modulates enzymatic activity [18],
affects intracellular and extracellular pH [17,18], and accelerates cell metabolism [18,19].
The expression of multiple genes related to cellular proliferation, migration, and the
production of cytokines and growth factors also have been shown to be stimulated by lowlevel light [20].
Light is a powerful force and has a myriad of effects. The specific mechanisms of action
may vary among various clinical applications of LLL and will be discussed in the respective
sections below. Furthermore, in spite of a great number of studies that explored how LLLT
works, the exact mechanism of action remains to be fully elucidated.
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STROKE
Transcranial LLLT (808 nm) has significantly improved recovery after ischemic stroke in
rats when they received one treatment 24 hours after sustaining a stroke [21,22]. Stroke was
induced in rats by 2 different methods: (1) permanent occlusion of the middle cerebral artery
through a craniotomy or (2) insertion of a filament. The laser was used transcranially on the
exposed (shaved skin) skull by placing the tip of the 4-mm diameter fiber optic onto the skin
at 2 locations on the head (3 mm dorsal to the eye and 2 mm anterior to the ear) on the
contralateral hemisphere to the stroke. These locations had been determined from prior
measurements to be sufficient to illuminate 1 brain hemisphere as a result of dispersion of
the laser beam by the skin and the skull. Results of previous studies had shown that LLLT of
the contralateral, or both hemispheres, demonstrated no difference in functional outcome
[23]. An NIR gallium arsenic diode laser was used transcranially to illuminate the
hemisphere contralateral to the stroke at a power density of 7.5 mW/cm2 to the brain tissue
[22]. In both models of stroke, the neurologic deficits at 3 weeks after stroke were
significantly reduced (by 32%) (P < .01) in the laser-treated rats compared with control
subjects.
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In this study, the number of newly formed neuronal cells, assessed by double
immunoreactivity to bromodeoxyuridine and tubulin isotype III, as well as migrating cells
(double Cortin immunoreactivity), was significantly elevated in the subventricular zone of
the hemisphere ipsilateral to the induction of stroke when treated by LLLT [21,22]. No
significant difference in the stroke lesion area was found between control and laserirradiated rats. The researchers suggested that an underlying mechanism for the functional
benefit after LLLT in this study was possible induction of neurogenesis. Results of other
studies also suggested that, because improvement in neurologic outcome may not be evident
for 2-4 weeks in the poststroke rat model, delayed benefits may in part be due to induction
of neurogenesis and migration of neurons [24,25]. In addition, transcranial LLLT may
prevent apoptosis and improve outcomes by exerting a neuroprotective effect, although
these exact mechanisms are poorly understood [26].
Other studies in rat and rabbit models also have observed that transcranial LLLT improves
functional outcome after stroke [25,27,28]. A recent rabbit study combined transcranial
PM R. Author manuscript; available in PMC 2011 December 1.
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LLLT with thrombolytic therapy by using tissue plasminogen activator, with no increase in
bleeding and good safety [29].
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In the aforementioned studies, it has long been hypothesized that increased mitochondrial
function (ie, increased ATP production) in brain cells irradiated with NIR LLLT was one of
the major mechanisms involved with the beneficial behavioral effects observed after LLLT
treatment. A recent animal study with rabbits has shown a direct relationship between the
level of cortical fluence (energy density) delivered (in J/cm2) and cortical ATP content in
embolized rabbits [30]. Five minutes after embolization (right carotid), the rabbits were
exposed to 2 minutes of NIR transcranial LLLT with use of an 808-nm laser source
(continuous wave [CW] or pulsed wave [PW] at 100 Hz or at 1000 Hz on the skin surface,
posterior to bregma at midline). Three hours after embolization, the cerebral cortex was
excised and processed for measurement of ATP content. Embolization decreased cortical
ATP content in ischemic cortex by 45% compared with naive rabbits.A linear relationship
up to 4.5 J/cm2 in fluence delivered, was observed for the relationship between cortical
fluence (in J/cm2) verus percent increase in cortical ATP content (over sham-treated
embolized rabbits). This linear relationship was observed with a power density of 7.5 mW/
cm2 CW (0.9 J/cm2), where an increase of 41% in cortical ATP was observed; and with a
power density of 37.5 mW/cm2 PW (100 Hz, 4.5 J/cm2), where an increase of 157% in
cortical ATP was observed. An increase in cortical ATP of 221% was observed with fluence
of 31.5 J/cm2, delivered with a power density of 262.5 mW/cm2 PW, 1000 Hz. This
suggests that a near-plateau effect was present regarding the fluence level delivered above
4.5 J/cm2. It was surprising, however, that the increased cortical ATP levels of 157% and
221%, were higher than those measured in naive rabbits that had never suffered stroke.
Because the authors observed that the PW modes (100 Hz and 1000 Hz) were more effective
than the CW mode to increase cortical ATP, they hypothesized that in future stroke studies
in animals and in humans, even greater improvement in clinical rating scores might be
achieved by optimizing the method of NIR transcranial LLLT delivery, including the length
of treatment and the mode of treatment (PW).
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Transcranial LLLT has been shown to significantly improve outcome in acute human stroke
patients when applied approximately 18 hours after the stroke occurs over the entire surface
of the head (20 points in the 10/20 electroencephalographic system), regardless of the stroke
location [31]. Only one LLLT treatment was administered, and, 5 days later, significantly
greater improvement was found in the real-treated group but not in the sham-treated group
(P < .05, National Institutes of Health Stroke Severity Scale). This significantly greater
improvement was still present 90 days after –the stroke occurred, at which time 70% of the
patients treated with real LLLT had a successful outcome compared with only 51% of
control subjects. An NIR (808 nm) laser was used, which delivered a fluence of 0.9 J/cm2
over the entire surface (2 minutes per each of the 20 points; power density of 7.5 mW/cm2).
In a second, similar study with the same transcranial LLLT protocol, an additional 658 acute
stroke patients were randomly assigned to receive real or sham treatments of transcranial
LLLT. Similar significant beneficial results (P < .04) were observed for the patients who
had a moderate or moderate to severe stroke (n = 434) and received the real laser protocol
but not for the patients who had a severe stroke [32]. When all 656 cases were included in
the data analysis (including the severe stroke cases), no significant real versus sham LLLT
effect was seen. When data for both stroke studies were pooled (n = 778 [120 plus 658])
[31,32], a highly significant beneficial effect was seen for the real transcranial LLLT group
(P = .003) compared with those who received the sham laser treatment [33].
Lampl et al [31] wrote that “Although the mechanism of action of infrared laser therapy for
stroke is not completely understood . . . infrared laser therapy is a physical process that can
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pinch, and lateral pinch in the affected hand. These results are similar to those obtained with
needle acupuncture [39]. These findings are intriguing and suggest that some recovery of
motor function can occur with needle acupuncture or LLLT acupuncture applied to body
acupuncture points in chronic stroke patients.
A reduction in hand spasticity also has been observed when chronic stroke patients are
treated with a combination of red-beam laser applied to hand acupuncture points plus
microamps transcutaneous electrical nerve stimulation (TENS). Figure 8 shows an
immediate reduction in hand spasticity after the first hand treatment when LLLT-laser
acupuncture and microamps TENS were used with 2 chronic stroke patients. This LLLT and
microamps TENS hand treatment program also may be used with patients who have hand
spasticity related to other etiologies, including, for example, traumatic brain injury (TBI),
“stiff man syndrome,” and spinal cord injury (SCI) (personal observation, M.A.N., 2001).
Similar to red and NIR LLLT, microamps TENS increases ATP levels when applied to the
skin [40]. However, Cheng et al [40] observed that when stronger milliamps TENS was used
(eg, similar to conventional TENS), the ATP levels were decreased. Hence when microamps
TENS is used (as shown in Figure 8) [41], it is advisable to keep the sensation below
threshold for the patient to increase ATP (not decrease ATP).

TRAUMATIC BRAIN INJURY
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Each year in the United States, more than 1.4 million new cases of TBI occur, and more than
80,000 persons are left with permanent disability [42]. Mild TBI (mTBI) from single and
multiple events is the most frequent type of head injury experienced by military personnel
deployed to Iraq and Afghanistan [43]. TBI is known to cause damage that ranges from
observable to microscopic throughout the gray and white matter of the brain. Diffuse axonal
injury [44] is often observed in the anterior corona radiata and frontotemporal regions [45].
Two regions highly susceptible to damage within the frontal lobes are the prefrontal cortex
and the anterior cingulate gyrus. Cognitive processing problems result from tissue damage
and inefficient cellular function in these brain regions. The prefrontal cortex is involved with
maintaining, monitoring, and manipulating information in working memory [46] and
particularly in sustained attention [47,48].
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In the first reported study of the use of transcranial LLLT to treat traumatic brain injury, an
animal model was used [49]. Mice were subjected to closed-head injury (CHI) by using a
weight-drop procedure, and 4 hours after CHI, either sham or real NIR LLLT (808 nm) was
administered transcranially. The control group received no laser therapy (n = 8); the lasertreated group (n = 16) received 1 transcranial LLLT treatment by using a 200-mW, 808-nm
NIR laser with a 3-mm-diameter probe tip (Photothera Inc, Carlsbad, CA). Either 10 or 20
mW/cm2 was administered. A single point was treated on the skull (a skin incision was
made) that was located 4 mm caudal to the coronal suture line on the midline. The point was
treated for 2 minutes (1.2-2.4 J/cm2). At 24 and 48 hours after CHI, no significant difference
in motor behavior was seen between mice in the laser-treated and control groups. After 5
days, the motor behavior was significantly better (P < .05) in the laser-treated group; in
addition, the neurobehavioral scores were 26%-27% better (lower scores indicated better
motor behavior). At 28 days after CHI, the brain-tissue volume was examined for mice in
each group. The mean lesion size of 1.4% in the laser-treated group (SD 0.1) was
significantly smaller (P < .001) than in the control group (12.1%, SD 1.3). No difference in
lesion size or behavior was observed in the mice treated with 10 mW/cm2 and those treated
with 20 mW/cm2. The researchers suggested various possible mechanisms, including an
increase in ATP, total antioxidants, angiogenesis, neurogenesis, heat shock proteins content,
and an antiapoptotic effect, similar to observations reported after LLLT treatment of
ischemic heart skeletal muscles [50-54].
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disabled for 5 months before beginning nightly transcranial LED treatments at home (see
Figure 9, A and B). After 4 months of nightly LED treatments, she returned to work full
time as an executive consultant for an international technology consulting firm and
discontinued medical disability. Neuropsychological tests performed after 9 months of
transcranial LED showed significant improvement in cognition (see Figure 9, C). After LED
treatments, she improved on tests of executive function (inhibition and inhibition accuracy,
+2 SD) and on memory (immediate and delayed recall +1, +2 SD). The improvement of +1
or +2 standard deviations on her scores refers to the degree of improvement on her scores
after 9 months of LED treatments (versus before LED treatments). The SDs are provided
with the test materials, and they are based on the published norms for each test.
Both patients with TBI reported that they needed to continue with home treatments. If they
stop treatment for 1 or 2 weeks, then their cognitive problems started to return. Both patients
with TBI reported improved sleep. The second patient with TBI reported a decrease in her
posttraumatic stress disorder symptoms after a few months of using the transcranial LEDs,
and Schiffer et al [59] also reported a reduction in posttraumatic stress disorder symptoms in
3 of 10 patients with major depression who were treated with transcranial LED.
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Several possible mechanisms may be associated with the improved cognition in the mTBI
cases treated with transcranial LEDs [58]. Mitochondria display a significant amount of
dysfunction after TBI [61-63]. The primary mechanism for improvement posited in one
study with human acute stroke patients was an increase in ATP, with photons being used by
CCO in the mitochondria to increase ATP, especially in the cortex [64].
An increase in ATP after red and/or NIR LED treatments in patients with chronic TBI would
have beneficial effects, including an increase in cellular respiration and oxygenation.
Oxidative stress plays a role in the damage present after TBI [65]. One hypothesis is that
LLLT produces low levels of ROS in mitochondria of illuminated cells and that these ROS
cause NF-κB activation via the redox sensitive sensor enzyme protein kinase D1, which
results in upregulation of the mitochondrial superoxide dismutase [66]. A single exposure of
LLLT-LED in vitro with fibroblasts has been observed to increase NF-κB in the short term
[67]. In stimulated dendritic cells in the longer term, however, NF-κB and pro-inflammatory
cytokines were reduced [68]. Thus, in the long term, repeated LED treatments are
hypothesized to decrease inflammation (less NF-κB) and upregulate gene products that are
cytoprotective, such as superoxide dismutase, glutathione peroxidase, and heat shock protein
70 [54,69]. It is hypothesized that an overall protective response occurs with repeated LED
treatments and that major ROS-mediated damage and chronic inflammation that occur in the
brain after TBI may actually be reduced.
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Acupuncture points located on the scalp were treated with the red-NIR LEDs [57]. This
includes points along the Governing Vessel (GV) acupuncture meridian, located on the
midline of the skull (including, in part, the mid-sagittal suture line). Some acupuncture
points located on the GV meridian have been used historically to help treat patients in coma
[70] and stroke [71], for example, GV 16 (inferior to occipital protuberance), GV 20
(vertex), and GV 24 (near center-front hairline); these points were treated in both patients
with TBI reported in this study.
Transcranial red-NIR LED may have irradiated the blood via the valveless, emissary veins
located on the scalp surface but interconnecting with veins in the superior sagittal sinus (M.
Dyson, oral personal communication, June 2009). If red-NIR photons penetrate deeply
enough to reach the cortex, then it also is possible they are entering small vessels located
between the arachnoid and the pia mater, including those that supply arterial blood to
superficial areas of the cortex. Direct in vitro blood irradiation with a red-beam laser has
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been observed to improve erythrocyte deformability (flexibility) and rheology [72,73]. A
beneficial effect from direct-laser blood irradiation in vivo has been observed during
stenting procedures where a low-level, red-beam laser (10 mW, 650 nm) was used, with the
beam placed directly into a coronary artery [74]. The restenosis rate was reduced and no
adverse effects or complications were noted. Thus blood irradiation at the scalp may have
affected local intracerebral blood and circulation; however; whether this effect occurred is
unknown and would require further study.
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An increase in regional cerebral blood flow may have occurred, specifically to the frontal
lobes. The second TBI case showed significant improvement on objective, neuropsychological testing for executive function (inhibition) after administration of LED. These
results suggest improved function in the prefrontal cortex and anterior cingulate gyrus
regions. Significant improvement on “inhibition” on the Stroop test particularly suggests
improved function of the medial prefrontal cortex, anterior cingulate gyrus area [75]. It is
possible that this medial prefrontal cortex area could have been treated with NIR photons,
especially when the LED cluster head was placed over the midline, front hairline area. The
dorsolateral prefrontal cortex also was likely irradiated when the LEDs were placed on the
left and right high-frontal areas of the scalp. Increased regional cerebral blood flow also
could have occurred in frontal pole areas with the TBI cases, as was observed in the recent
transcranial LED study to treat major depression [59]. Additional controlled studies with
real and sham transcranial LLLT and LED are recommended to investigate whether these
methods can be applied to improve cognition and reduce symptom severity in persons with
acute and chronic TBI. The LED technology is not expensive ($1400 for a single LED
cluster head and approximately $4000 to $5000 for a unit with 3 LED cluster heads). The
transcranial LED treatment protocol can be used in the home.

DEGENERATIVE CENTRAL NERVOUS SYSTEM DISEASE
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The positive effects of transcranial laser therapy on stroke and TBI have led to early
investigations into whether LLLT may have benefits for persons with degenerative brain
disorders, which are a rapidly growing affliction of the world's aging population. Moges et
al [76] tested whether LLLT had a role to play in treating familial amyotrophic lateral
sclerosis (FALS), which is a neurodegenerative disease characterized by progressive loss of
motor neurons and death. Mitochondrial dysfunction and oxidative stress play an important
role in motor neuron loss in ALS. The study combined LLLT (with use of an 810-nm diode
laser with 140-mW output power targeting a 1.4-cm2 spot area for 120 seconds using 12 J/
cm2 energy density) and riboflavin to test the survival of motor neurons in a mouse model of
FALS. Motor function (determined with use of the Rota rod test) was significantly improved
in the LLLT group in the early stage of the disease. Immunohistochemical expression of the
astrocyte marker glial fibrillary acidic protein was significantly reduced in the cervical and
lumbar enlargements of the spinal cord as a result of LLLT.
Trimmer et al [77] carried out preliminary studies that may have relevance to Parkinson
disease (PD). Mitochondria supply the ATP needed to support axonal transport, which
contributes to many other cellular functions essential for the survival of neuronal cells.
Furthermore, mitochondria in PD tissues are metabolically and functionally compromised.
The researchers measured the velocity of mitochondrial movement in human
transmitochondrial cybrid “cytoplasmic hybrid” neuronal cells with mitochondrial DNA
from patients with sporadic PD and disease-free age-matched volunteer control subjects
(CNT). PD and CNT cybrid neuronal cells were exposed to NIR laser light (an 810-nm
diode laser using 50 mW/cm2 for 40 seconds), and axonal transport of labeled mitochondria
was measured. The velocity of mitochondrial movement in PD cybrid neuronal cells was
significantly reduced compared with mitochondrial movement in disease-free CNT cybrid
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neuronal cells, and 2 hours after LLLT, the average velocity of mitochondrial movement in
PD cybrid neurites was significantly increased and restored to levels comparable with those
of CNT. Mitochondrial movement in CNT hybrids was unaltered by LLLT. PD cybrid
neuronal cell lines with the most dysfunctional mtETC assembly and oxygen utilization
profiles were least responsive to LLLT.
Zhang et al [78] likewise did preliminary experiments with relevance to Alzheimer disease.
They showed that LLLT (0.156 -0.624 J/cm2 from a 5-mW HeNe laser) could protect rat
pheochromocytoma PC12 cells (a model of cortical neurons) from apoptosis caused by
amyloid β peptide (Aβ25-35). This protection was mediated by protein kinase C activation
caused by an increase in the cell survival protein bcl-xl and a decrease in cell death protein
bax. Although no peer-reviewed publications have been published to date, it is known that
transcranial LLLT has been applied to patients with moderate Alzheimer disease.
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Michalikova et al [79] treated middle-aged (12–month-old) female CD-1 mice with a daily
6-minute exposure to 1072-nm LED light for 10 days and found that LLLT yielded a
number of significant behavioral effects upon testing in a 3-dimensional maze. Middle-aged
mice showed significant deficits in a working memory test, and LLLT reversed this deficit.
LLLT-treated middle-aged mice were more considerate in their decision making, which
resulted in an overall improved cognitive performance comparable with that of young (3month-old) CD-1 mice. These results suggest that LLLT could be applied in cases of general
cognitive impairment in elderly persons.

SPINAL CORD INJURY
SCI is a severe central nervous system trauma with no effective restorative therapies. Light
therapy has biomodulatory effects on central and peripheral nervous tissue. Several groups
investigated the effectiveness of LLLT on SCI. Roch-kind et al [80] demonstrated that
LLLT applied simultaneously to the injured sciatic nerve and the corresponding segment of
the spinal cord accelerates the process of regeneration of the injured peripheral nerve.
Light therapy (810 nm, 150 mW) significantly increased the axonal number and distance of
regrowth in 2 SCI models: a contusion model and a dorsal hemisection model [81,82]. In
addition, LLLT returned aspects of function to baseline levels and significantly suppressed
immune cell activation and cytokine-chemokine expression [81].
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Moreover, light therapy significantly improved the average length of axonal regrowth and
increased the total axon number for both injury models. A statistically significant lower
angle of rotation of the feet was observed during a walking test in the hemisection model
and a statistically significant overall functional recovery in contusion model was seen in the
LLLT groups. These results suggest that light may be a promising therapy for human SCI
[82].

PERIPHERAL NERVE
The use of new therapeutic instruments such as electric stimulation, ultrasound, and LLLT
for peripheral nervous system regeneration is currently being investigated in an attempt to
achieve early functional recovery. LLLT has been used in several clinical and experimental
research studies on peripheral nerves injuries.
In a pilot double-blind randomized study, Rochkind et al showed that postoperative 780-nm
laser phototherapy enhances the regenerative process of the peripheral nerve after
reconnection of the nerve defect by using a PGA neurotube. Morphologically, the lasertreated group showed an increased total number of myelinated axons [83]. These researchers
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also reported that, in patients with long-term peripheral nerve injury, 780-nm laser therapy
(250 mW) can progressively improve nerve motor function, which leads to significant
functional recovery [84].
Barbosa et al [85] observed that, compared with the 830-nm laser group and the sham group,
rats in the 660-nm laser group had the best sciatic functional index scores on average, which
indicates that the use of these parameters was more efficient. Differences in sciatic
functional index were found among the 660-nm laser group and the other ones at the 14th
day [85]. However, Gigo-Benato et al [86] found that pulsed (905 nm) continuous (808 nm)
combined laser biostimulation showed the best effectiveness in promoting peripheral nerve
regeneration.

CONCLUSION
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LLLT is steadily moving into mainstream medical practice. As the Western populations
continue to age, the incidence of the degenerative diseases of old age will only continue to
increase and produce an evermore severe financial and societal burden. Moreover, despite
the best efforts of “big pharma,” distrust of pharmaceuticals is growing in general because of
uncertain efficacy and troublesome adverse effects. LLLT has no reported adverse effects,
and no reports of adverse events can be directly attributed to laser or light therapy. We
believe that the high benefit:risk ratio of LLLT should be better appreciated by medical
professionals in the rehabilitation and physical medicine specialties. The introduction of
affordable LED devices powered by rechargeable batteries will lead to many home-use
applications of LLLT. The concept of “wearable” light sources is not far off. Moreover, the
particular benefits of LLLT to both the central and peripheral nervous systems suggest that
much wider use of LLLT could or should be made in cases of both brain diseases and
injuries.
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Figure 1

Diagram of the various medical applications of low-level light therapy.
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Figure 4

Nitric oxide can bind to copper (or heme) centers in cytochrome c oxidase and inhibit
respiration. The nitric oxide may be photodissociated by absorption of red or near infrared
light, allowing oxygen to return and sharply increasing respiration and adenosine
triphosphate formation.
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Abstract. Cerebral hypometabolism characterizes mild cognitive impairment and Alzheimer’s disease. Low-level light therapy
(LLLT) enhances the metabolic capacity of neurons in culture through photostimulation of cytochrome oxidase, the mitochondrial enzyme that catalyzes oxygen consumption in cellular respiration. Growing evidence supports that neuronal metabolic
enhancement by LLLT positively impacts neuronal function in vitro and in vivo. Based on its effects on energy metabolism,
it is proposed that LLLT will also affect the cerebral cortex in vivo and modulate higher-order cognitive functions such as
memory. In vivo effects of LLLT on brain and behavior are poorly characterized. We tested the hypothesis that in vivo LLLT
facilitates cortical oxygenation and metabolic energy capacity and thereby improves memory retention. Specifically, we tested
this hypothesis in rats using fear extinction memory, a form of memory modulated by prefrontal cortex activation. Effects of
LLLT on brain metabolism were determined through measurement of prefrontal cortex oxygen concentration with fluorescent
quenching oximetry and by quantitative cytochrome oxidase histochemistry. Experiment 1 verified that LLLT increased the rate
of oxygen consumption in the prefrontal cortex in vivo. Experiment 2 showed that LLLT-treated rats had an enhanced extinction memory as compared to controls. Experiment 3 showed that LLLT reduced fear renewal and prevented the reemergence
of extinguished conditioned fear responses. Experiment 4 showed that LLLT induced hormetic dose-response effects on the
metabolic capacity of the prefrontal cortex. These data suggest that LLLT can enhance cortical metabolic capacity and retention
of extinction memories, and implicate LLLT as a novel intervention to improve memory.
Keywords: Cytochrome oxidase, fear extinction, memory enhancement, mild cognitive impairment, mitochondrial respiration,
neurotherapeutics, photobiomodulation

INTRODUCTION
Low-level light therapy (LLLT) with red to
near-infrared light is a promising and novel neurotherapeutic intervention in animals and humans [1–3].
LLLT via light-emitting diodes (LEDs) or lasers uses
low-energy irradiation that avoids ablative effects on
∗ Correspondence to: Prof. Dr. F. Gonzalez-Lima, University of
Texas at Austin, 108 E. Dean Keeton Stop A8000, Austin, TX
78712, USA. Tel.: +1 512 471 5895; Fax: +1 512 471 5935; E-mail:
gonzalez-lima@psy.utexas.edu.

tissues, yet such energy is high enough to modulate
cell functions. LLLT has well-established beneficial
effects in nervous tissue in vitro and in vivo, including
enhancement of gene expression [4] and nerve regeneration [5], and protection against traumatic injury
[6–8], ischemic damage [9–11], and neurodegeneration induced by mitochondrial dysfunction [12–16].
The mechanism of action of LLLT implicates light
absorption by chromophores in the mitochondrial
respiratory enzyme cytochrome oxidase (also called
cytochrome c oxidase or cytochrome a–a3), which
contains chromophores with high absorbance in the
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λ range 600 to 830 nm [2, 17–20]. LLLT facilitates
cell respiration and energy production in metabolically
active tissues [14, 21, 22]. Cytochrome oxidase activity
is a reliable marker of neuronal metabolism [23] and its
expression is enhanced by LLLT in neuronal cultures
[13, 24]. Tissues with high oxidative metabolic rates
such as brain and muscle show increases in cytochrome
oxidase after in vivo LLLT [12, 25]. Enhancement of
cell respiration and cytochrome oxidase upregulation
are believed to underlie a series of secondary effects
that promote neuroprotection [1–3].
A largely unexplored area of photobiology comprises the effects of LLLT on higher-order cognitive
functions. Recent reports suggest that LLLT can
be used non-invasively to exert transcranial brain
metabolic effects in rodents and humans [12, 26, 27].
However, LLLT exhibits a hormetic dose-response
effect (a quadratic function also called biphasic or
U-shaped dose-response) characterized by stimulation
of a biological process at a low dose and inhibition
of that process at a high dose [1, 3]. Thus LLLT
may be anticipated to facilitate memory at low doses
but show opposite effects at high doses. We hypothesized that, by enhancing mitochondrial respiration
and energy metabolic capacity in specific neural networks, low-dose LLLT may also have a beneficial
impact on processes such as learning and memory.
For example, rats develop a conditioned fear behavior (freezing) to a neutral tone after pairings of the
tone (conditioned stimulus) with a subsequent footshock (unconditioned stimulus). But this conditioned
behavior extinguishes after repeated presentations of
the conditioned stimulus by itself. Fear extinction
is a form of associative learning that is clinically
relevant because it constitutes the basis for exposure therapy of phobias and post-traumatic stress
disorder [28]. The neurobiology of fear extinction is
well-characterized [29], which makes this learning
paradigm ideal for the brain-behavior characterization
of LLLT. In fact, it has been shown that pharmacological enhancement of extinction memory can be
achieved by facilitation of brain energy metabolism
during consolidation, a critical period of memory processing that features high energy consumption and
protein synthesis [30]. Improvement of extinction
memory is mediated by increases in energy metabolism
in medial prefrontal cortical regions [31–33]. We
thus hypothesized that LLLT aimed at enhancing the
metabolic activity of such prefrontal regions during consolidation would modulate extinction memory.
This study tested the hormetic dose-response effects
of LLLT on extinction memory with two behavioral

experiments (extinction and renewal effects) and two
neurometabolic experiments (prefrontal oxygen consumption and cytochrome oxidase activity). It was
expected that LLLT low-dose effects on the prefrontal
cortex would feature in situ increases in cell respiration and cytochrome oxidase activity, and that this
would be associated with facilitation of extinction
memory.
MATERIALS AND METHODS
Experiments used a total of 62 adult male rats
obtained from Harlan (Houston, TX). The number
of rats in each group is given for each experiment
below. Each rat was handled daily for 3 min for 7
days prior to the start of the behavioral experiments.
Rats were given food and water ad libitum. They
were housed three to four rats per cage and kept on
a 12-h light/12-h dark cycle in a facility accredited
by the Association for the Assessment of Laboratory
Animal Care International. All procedures were done
in accordance with NIH guidelines and approved by
the Institutional Animal Care and Use Committee of
the University of Texas at Austin. Unless otherwise
specified, all chemical reagents were purchased from
Sigma-Aldrich (St. Louis, MO).
Experiment 1. LLLT effects on oxygen
consumption in the prefrontal cortex in vivo
Radiant exposure doses were expressed as energy
density (fluence) in J/cm2 given that energy
(Joules) = power (Watts) × time (s). LLLT at 660 nm
was used because cytochrome oxidase is the main
photon acceptor in cells at this wavelength of light
[2]. LLLT was delivered via narrow-angle GaAlAs
light-emitting diodes (LEDs) (peak λ = 660 nm) from
LEDtronics, Inc. (Torrance, CA), 49 of which were
assembled in our laboratory on fiberglass circuit boards
to build 5.5 × 9.5 cm arrays, as described previously
[25]. The light output (irradiance) of the LEDs was
measured as power density in mW/cm2 using a Newport (Irvine, CA) model 1916-C power meter attached
to a Newport model 918D-SL photodiode detector,
prior to the onset of each treatment. The immediate postmortem scalp skin (shaved) plus the dorsal
skull of rats (n = 10) were used for verification of percent transmittance using this apparatus. This allowed
us to establish the light reaching the prefrontal cortical surface. The effect of LLLT on cortical oxygen
consumption was assessed in vivo by means of fiber
optic fluorometric oxygen quenching. For the in vivo
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measurements, anesthesia was induced in Long Evans
rats (n = 3) with 5% isoflurane (Baxter, Deerfield, IL)
for 3 min and maintained with isoflurane 3% using an
E-Z anesthesia vaporizer system (Euthanex, Palmer,
PA). Each rat’s head was secured in a stereotaxic apparatus, the dorsal surface shaved, and the skull exposed
by a mid-sagittal incision. Trephinations were done
at stereotaxic coordinates + 3.7 mm A-P and + 2.0 mm
M-L, relative to Bregma level [34]. A fiber optic fluorometric oxygen sensor (Ocean Optics, Dunedin, FL)
was slowly lowered through the burr holes to a depth
of 2 mm ventral to the dura, targeting the dorsomedial prefrontal cortex. The in situ oxygen concentration
in this region was measured for 1 min immediately
after alternating periods of either no treatment in the
dark (control, 1 min), LLLT 1 J/cm2 (1 min 51 s) or
LLLT 5 J/cm2 (9 min 25 s). At least 3 measurements
per condition were obtained and LLLT was off during measurements. LEDs arrays were positioned at
1 cm from the dorsal head surface for irradiation at
9 mW/cm2 in all of the experiments.
Experiment 2. LLLT effects on extinction memory
LEDs arrays were mounted on small plexiglass
boxes (10 × 14 × 20 cm) to deliver LLLT via the noncontact modality above the subjects’ heads with an
irradiance of 9 mW/cm2 . After 7 days of handling,
Long Evans rats were habituated for 2 days prior to
behavioral training or LLLT delivery. This procedure
avoided completely restraining subjects, while still
ensuring complete irradiation of the dorsal head surface while each rat rested on the box. We also verified
that this light delivery produced negligible amounts
of surface heat. LLLT was delivered to one subject
at a time 15 min after each extinction session targeting brain tissues during the critical period of memory
consolidation. Post-extinction LLLT fractions lasted
10 min, for a radiant exposure of 5.4 J/cm2 (to approximate the most effective treatment used in experiment
1) and were similarly delivered individually to each rat
(n = 11) in a dark room at λ = 660 nm and 9 mW/cm2 .
Subjects treated with LLLT were matched with control
subjects (n = 10) housed in a similar plexiglass box for
10 min without light delivery.
A behavioral apparatus for extinction training was
used as described before [30]. Behavioral training
lasted 9 days (Table 1). On days 1 and 2, subjects
were exposed to an operant chamber (MED Associates,
St. Albans, VT) enclosed in a sound-attenuated box
with a soap scent (context A). They were allowed to
explore the chamber for 1 h, after which they were
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Table 1
Pavlovian fear extinction training
Timeline

Behavioral procedure

Days 1-2
Days 3-4

Habituation, 1 h in conditioning context A
Acquisition, 15 min, 4 paired tone-shock
presentations in context A
Extinction, 30 min, 9 tone presentations in
context B, LLLT follows after 15 min in
context C
Renewal probe session, 3 tone presentations,
context A

Days 5–8
Day 9

placed back in their home cage. On days 3 and
4, subjects underwent acquisition training consisting
of four tone (conditioned stimulus)-shock (unconditioned stimulus) presentations. Each tone (15-s, 65 dB,
1- to 2-kHz frequency modulated tones, generated
by two Wavetek Sweep/Modulation generators) coterminated with a 0.5-mA, 0.75-s footshock. Each
acquisition session lasted 15 min, with an average
pseudorandom intertrial interval of 3 min. Animals
were placed back in their home cages after the completion of each session. On days 5 to 8, 30-min extinction
sessions of nine 15-s tone presentations at 3 min intervals were conducted in context B. Context B consisted
of a clear plastic cage (25.4 × 19 × 15.2 cm) with an
iodide scent and a black speaker mounted on top.
Freezing behavior was defined as a rat having all four
feet on the floor; with shallow, rapid breathing and minimal head and vibrissae movement for 3 s. Freezing for
15 s during tone presentation was the maximal score
(100% freezing), whereas zero represented no freezing during tone presentation. Subjects were returned to
their home cages following extinction training. After
15 min, subjects were transferred to the LLLT delivery
boxes (context C) and received either LLLT treatment
or no treatment in the dark. A total of 4 daily extinction sessions were done. Freezing values in the second
acquisition session were used as a post-acquisition
baseline before extinction.
Experiment 3. LLLT effects on fear renewal after
extinction
Recovery of the acquisition performance demonstrated as high levels of freezing is expected when
tone exposure is accomplished not in a neutral context but in the context of original acquisition. This
phenomenon is known as renewal. Renewal is clinically relevant for exposure therapy of phobias and other
mental disorders, since fears that are extinguished in
the context of a therapist’s office can easily return

744

J.C. Rojas et al. / Low-Level Light Therapy Improves Memory

when the subject moves to a different context. Long
Evans male rats trained as described in experiment 2
(Table 1) received LLLT delivered as before to one
subject at a time 15 min after the first extinction session for a single dose of 5.4 J/cm2 (n = 5). On day 9,
subjects were exposed to 3 tone presentations in the
original acquisition context A and freezing behavior
was quantified during tone presentation, which represented a renewal probe. This renewal probe was
important to test the effects of an effective LLLT treatment at preventing the return of fear after extinction
training, when subjects were reintroduced in the context where the initial tone-footshock association was
made.
Experiment 4. LLLT effects on the metabolic
capacity of the prefrontal cortex
Dose-response hormetic effects of in vivo LLLT on
oxidative metabolic capacity were evaluated in different naı̈ve male rats by measuring brain cytochrome
oxidase activity [35]. LLLT was delivered as before
at λ = 660 nm in different doses (radiant exposure
as single fractions of different time lengths) of
10.9 J/cm2 (20 min, n = 5), 21.6 J/cm2 (40 min, n = 4),
and 32.9 J/cm2 (60 min, n = 4) administered in a dark
room. Rats in the control (n = 5) group were housed in
the dark for 20 min and received no LLLT. LLLT light
intensity (power density) for all the experiments were
equivalent in that they implicated delivery of LLLT via
a non-contact modality above the subjects’ heads with
an irradiance of 9 mW/cm2 , as determined by means
of a Newport 1830 C power meter.
At 24 h after LLLT treatment, subjects were decapitated and their brains quickly extracted and frozen in
–40◦ C isopentane. Forty-micrometer-thick brain coronal sections were obtained at –18◦ C using a CM300
cryostat (Leica, Buffalo Grove, IL) and were mounted
on glass slides to create three adjacent series. Sections were stained for quantitative measurement of
cytochrome oxidase activity as previously described
[36–38]. Frozen sections were submerged in 0.5% glutaraldehyde/10% sucrose in phosphate buffer (PB),
pH 7.6, for 5 min at 4◦ C, followed by three baths of
10% sucrose in PB (5 min each, allowing for gradual
increases in temperature). Sections were incubated for
10 min in a solution containing 50 mM Tris, 1.1 mM
cobalt chloride, 10% sucrose, and 0.5% dimethyl
sulfoxide (DMSO). After a 5 min PB rinse at room temperature, sections were stained for 60 min at 37◦ C in
PB containing 1.3 mM 3,3′ -diaminobenzidine tetrahydrochloride, 75 mg/L cytochrome c, 20 mg/L catalase,

5% sucrose, and 0.25% DMSO. Sections were fixed in
10% formalin in PB at room temperature for 30 min,
dehydrated in series of 30–100% ethanol, cleared in
xylene (two times, 5 min each), and coverslipped with
Permount® .
Quantitative histochemistry was performed with
a combination of image-based densitometry and
spectrophotometrically-determined cytochrome oxidase activity, as previously described [36, 38]. This
method yielded a linear relationship (r > 0.95) between
biochemical cytochrome oxidase activity units and
tissue optical density. A calibration step tablet (optical density range 0.05–3.05) and cytochrome oxidase
activity–stained sections were placed on a DCpowered light box and digitized using a CCD camera
and a Targa-M8 digitizer (Javelin Electronics, Torrance, CA). Digitized images were analyzed for optical
density using JAVA imaging software (Jandel Scientific, San Rafael, CA). This software allows creating a
logarithmic calibration curve of optical density units
as a function of pixel (gray level) values in each
image. Before analysis, images were corrected for
slide and light box artifacts using background subtraction. The median of optical density values were
converted to units of cytochrome oxidase activity
using calibration curves based on standards of tissue thickness and spectrophotometrically-determined
cytochrome oxidase activity. For this purpose, naı̈ve
rats (n = 10) were used to make brain homogenates
that were cryosectioned at different thicknesses (10,
20, 40, 60, and 80 !m) to obtain increasing gradients
of cytochrome oxidase reactivity. Group comparisons
used cytochrome oxidase activity values expressed
as mmol/min/g.
Statistical analyses
Analyses were conducted with analysis of variance
(ANOVA) using SPSS 11.5 for Windows. Experiment
1 used factorial ANOVA with Dunnett test correction for comparisons of mean percent decreases of
in situ oxygen concentration. Experiment 2 evaluated
behavioral effects (% freezing) with repeated measures ANOVA to determine session × treatment effects
and quadratic contrast for the hormetic dose-response
effects. This was followed by simple effects tests for
pairwise contrasts. Experiment 3 used ANOVA to compare the renewal effects in the control and LLLT group.
Experiment 4 compared mean cytochrome oxidase
activity values in the control versus the different LLLT
groups with Dunnett test-corrected ANOVA. A twotailed p value <0.05 was considered significant.
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RESULTS
Experiment 1 showed that LLLT increased
prefrontal cortex oxygen consumption in vivo
Experiment 1 verified that LLLT penetrated through
the head and had transcranial metabolic effects on the
prefrontal cortex. The light output (irradiance) of the
diodes had a power density of 9 mW/cm2 measured
using a Newport model 1916-C power meter attached
to a Newport model 918D-SL photodiode detector.
Verification of percent transmittance using this apparatus allowed us to establish the light level at the cortical
surface. Our results established a 5.8% light transmittance through the scalp skin (shaved) plus skull,
equivalent to 1.24 optical density and 0.35 absorption coefficient ("). In addition, the light transmittance
across the entire rat brain (from dorsal to ventral surface) was established at 8.5%, corresponding to 1.07
optical density and 0.20 absorption coefficient (").
Enhancement of oxygen consumption by LLLT has
been previously demonstrated in vitro and has been
shown to underlie facilitation of neuronal metabolism
and a variety of beneficial biological effects [3, 12].
In experiment 1, in situ oxygen concentration in the
prefrontal cortex of naı̈ve rats was measured with fluorescent quenching oxymetry immediately following
LLLT exposure (Fig. 1). The in situ prefrontal cortex
oxygen concentration in control conditions (i.e., following no light exposure) decreased only 1 ± 0.7%. In

Fig. 1. Enhancement of in vivo cortical oxygen consumption by
LLLT. In situ cortical oxygen concentration decreased in response
to LLLT in a dose-response manner, as measured by a fluorescencequenching oxygen probe placed in the rat prefrontal cortex. Data
points are the average of at least 3 measurements. Measurements
post-treatment alternated 1 : 1 with measurements after no treatment
(control). *p < 0.001.

745

contrast, LLLT induced a dose-dependent decrease in
in situ oxygen concentration of approximately 5 ± 1%
after LLLT 1 J/cm2 and 15.8 ± 2% after LLLT 5 J/cm2 .
These data support a clear physiological effect of
LLLT on the rate of cortical oxygen consumption
in vivo.

Experiment 2 showed that LLLT at low-dose
was able to facilitate fear extinction memory
To test the hypothesis that LLLT facilitates extinction memory in a dose-dependent manner, subjects
undergoing extinction training were treated with daily
fractions of LLLT delivered 15 min after an extinction session consisting of exposure to the conditioned
stimulus (tone) in a neutral context. LLLT fractions
were administered after each extinction session with
the goal of improving brain oxidative metabolism during the memory consolidation phase of extinction,
which is characterized by increased energy expenditure
secondary to protein synthesis [39–41] and synaptic strengthening and outgrowth [42, 43]. Table 2
shows that, after acquisition, both control and treatment groups displayed similar high levels of freezing
(59–64%). This reflects effective fear conditioning
after two sessions of tone-shock pairings. Note also that
freezing scores on Extinction 1 are similar in control
and LLLT groups (40–43%). This was not unexpected
since the first LLLT fraction was delivered 15 min
after this first extinction training session. In control
subjects, tone exposure during Extinction 1–4 progressively decreased mean freezing scores. This contrasted
with the pattern found in LLLT-treated rats, which
had an enhanced reduction in freezing scores followed
by an increase afterwards. Hence on Extinction 4,
LLLT-treated subjects tended to have higher freezing scores than the control group. Repeated measures
ANOVA showed a significant interaction of extinction
session X treatment (F(4,76) = 2.5, p = 0.047). The test
of within-subject quadratic contrast was also significant (F(1,19) = 5.3, p = 0.032), as would be expected
from a hormetic dose-response effect. On Extinction
2, control subjects showed a mean freezing score of
34.5 ± 4.6% that contrasted with a mean freezing score
of only 18.64 ± 4% in the LLLT-treated group. This
was a significant 46% reduction (p < 0.05) in the mean
freezing score in the LLLT group compared to control. The statistically significant results support the
efficacy of low-dose (but not high-dose) LLLT in the
facilitation of extinction in a behaviorally meaningful
manner.
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Table 2
Behavioral effects of LLLT delivered 15 min after each extinction session

Training session

Total dose

Acquisition
Extinction 1
Extinction 2
Extinction 3
Extinction 4

5.4 J/cm2
10.8 J/cm2
16.2 J/cm2
21.6 J/cm2

Control mean
(% freezing)

SEM

LLLT mean
(% freezing)

SEM

p value

64.00
40.00
34.50
39.63
12.50

8.02
7.24
4.60
3.55
6.93

59.09
42.73
18.64
40.11
30.45

7.65
6.91
4.39
3.38
6.61

0.66
0.79
0.02
0.92
0.08

Experiment 3 showed that LLLT low-dose after
extinction prevented fear renewal
This experiment showed the memory enhancing
effect of LLLT using the fear renewal test. It was
hypothesized that LLLT would not only facilitate
extinction but would also make subjects resistant
to renewal. To test this hypothesis, subjects that
underwent extinction training were exposed to tone
presentations alone in the original acquisition context
(context A) one day after the last extinction session. In this renewal probe, control subjects showed
a mean freezing score of 58 ± 11%, which was similar to acquisition levels of freezing. In contrast,
5.4 J/cm2 LLLT-treated subjects showed a mean freezing score of only 28 ± 4%, which represented a
52% reduction in the mean freezing score (p <0.05)
(Fig. 2). Taken together, behavioral experiments 2

Fig. 2. LLLT after extinction prevented fear renewal. One day after
extinction training, subjects underwent tone presentations in the original acquisition context. The memory enhancing effects LLLT were
evident as a 50% reduction in freezing behavior compared to control
subjects in this fear renewal probe. *p <0.05.

and 3 suggested a dose-dependent LLLT improvement
of neural processes mediating long-lasting extinction
memory.
Experiment 4 showed that LLLT increased
the metabolic capacity of the prefrontal cortex
Secondary effects of LLLT on neural tissue have
been postulated to include long-lasting neurochemical changes that persist beyond the period of light
exposure and translate into changes of neuronal physiology. These changes include activation of second
messenger cascades and gene expression [2]. To test
the hypothesis that in vivo LLLT induces secondary
effects in the brain, mean changes in prefrontal cortex
cytochrome oxidase activity were determined in naı̈ve
animals 24 h after exposure to LLLT. Cytochrome
oxidase is the terminal enzyme in the respiratory
chain and its expression is tightly coupled to neuronal energy demands [23, 44]. Cytochrome oxidase
activity is a sensitive marker of brain metabolic capacity and histochemical determination of its activity
depends on upregulation of the holloenzyme pool
[37, 45, 46]. A hormetic dose-response increase in
cytochrome oxidase activity was detected at 24 h
in the prefrontal cortex of rats exposed to LLLT
(Fig. 3). Control subjects showed a mean cytochrome
oxidase activity of 281 ± 12 mmol/min/g. In contrast, the mean prefrontal cortex cytochrome oxidase
activity in subjects treated with LLLT 10.9 J/cm2
was 319 ± 10 mmol/min/g. This represented a significant 13.6% increase in metabolic capacity (p < 0.05).
Higher LLLT doses of 21.6 J/cm2 and 32.9 J/cm2
were less effective at inducing cytochrome oxidase
activity, with values of 310 ± 12 mmol/min/g and
289 ± 19 mmol/min/g, respectively. These values were
10.3% and 3% higher than control, which were not
significantly different. These results demonstrate that
the lower dose had a significant stimulatory effect
on cortical metabolic capacity. The data also show a
tendency towards reduced enhancement of metabolic
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Fig. 3. LLLT induced a hormetic dose-response on cortical
metabolic capacity. A) Rat prefrontal cortex stained with cytochrome
oxidase histochemistry at the A-P brain level used to measure
cytochrome oxidase activity 24 h after LLLT. B) The lower LLLT
dose induced a significant 13.6% increase in mean cytochrome oxidase activity, compared to control. Higher LLLT doses resulted in
no significant differences compared to control. *p < 0.05.

capacity with increasing doses, supporting a hormetic
dose-response effect.
DISCUSSION
This study is the first demonstration that LLLT can
improve extinction memory. This study also presents
evidence that both primary and secondary LLLT effects
occur in the brain in vivo. The results add to the
growing body of in vitro and in vivo evidence sup-
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porting that LLLT can be used non-invasively to
modulate neural function. Red and near-infrared light
transmittance has been measured through the mouse
skull and its transcranial neuroprotective effects have
been demonstrated in the mouse, rat, and rabbit [7,
26, 47–49]. Human experiments have also demonstrated changes in frontal cortex regional cerebral
blood flow after exposure to LLLT in the forehead
[27]. Several reports have described beneficial effects
of LLLT on cognition. Michalikova et al. [50] demonstrated improvement in working memory after LLLT
in middle-aged mice tested in an appetitive spatial
navigation task. Similarly, Naeser et al. [51] reported
improvement of attention, executive function, and
memory in two patients with chronic traumatic brain
injury with daily use of LLLT to the head. Reports in
rats and humans provide further evidence that LLLT
modulates mood and decreases depressive symptoms
[8, 27]. Taken together, the data supports that LLLT
to the head constitutes a promising neurotherapeutic
tool to modulate behavior in a non-invasive manner.
Future projects should determine the effects of variation in LLLT parameters such as wavelength, radiant
exposure, irradiance, and wave type on transcranial
applications to affect behavioral and brain metabolic
variables.
This study is also the first demonstration that both
primary and secondary mechanisms of action of
LLLT occur in the brain in vivo. The mechanisms of
action of LLLT have been previously described in
cell cultures. Primary LLLT effects occur during light
exposure and refer to the direct photochemical change
of the photoacceptor (e.g., cytochrome oxidase) upon
excitation by light. The most important primary
effect is a redox change of the components of the
respiratory chain that affects electron flow. Support
that primary effects of LLLT occur in the brain
in vivo is provided by the dose-response increase in
oxygen consumption measured in the frontal cortex of
rats exposed to LLLT in this study. Another possible
primary effect of LLLT is the generation of reactive
oxygen species (ROS), including singlet oxygen via
direct photodynamic action and superoxide ion via
one electron auto-oxidation [17]. The significance
of this effect is that ROS are not only damaging
by-products of respiration but they have an important
role in cellular signaling. For example, Chen et al.
[52] demonstrated that LLLT not only enhances
mitochondrial respiration, but also activates the
redox-sensitive nuclear factor kappa B signaling via
generation of ROS in fibroblast cultures. Another
possible secondary effect of LLLT is the generation
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of nitric oxide (NO). Cytochrome oxidase has a key
role in neuronal activity because it is a rate-limiting
enzyme for oxidative energy production in the
mitochondrial electron transport [53–55], but
cytochrome oxidase can also catalyze the production
of NO under hypoxic conditions [56]. LLLT in vivo
can increase NO and cerebral blood flow in mice
with carotid occlusion [57]. Photobiomodulation
of cytochrome oxidase with LLLT enhances brain
oxygen utilization and NO production, both of
which may protect against reduced cerebral vascular
perfusion. Photobiomodulation of brain cytochrome
oxidase is expected to reverse the pathophysiologic
consequences of cerebrovascular hypoperfusion via
the vasodilator effect of NO resulting in increased
oxygen and nutrient delivery that will increase
neuronal respiration. Although this study did not
directly test the role of ROS and NO as signaling
molecules in the brain in vivo, it is possible that ROS
and NO also play a role in the memory enhancing and
neuroprotective effects of LLLT.
In addition, this study offers evidence of secondary
in vivo LLLT effects supporting induction of metabolic
neuroplasticity of prefrontal brain regions implicated
in extinction memory. Secondary LLLT effects implicate the activation of signaling pathways and regulation
of gene expression that occur after light exposure. Secondary effects are expected to be pleiotropic and have
a significant impact in neuronal function and survival.
In this study, secondary LLLT effects are reflected
by increases in cytochrome oxidase expression 24 h
after LLLT delivery, which represent a non-immediate
improvement in neuronal metabolic capacity. Taken
together, these results support the hypothesis that LLLT
promotes increases in brain energy metabolism that
may mediate its memory-enhancing effects.
As mounting evidence indicates an antecedent and
possibly pivotal role of mitochondrial bioenergetic
deficits and brain hypometabolism in Alzheimer’s
disease (AD) pathogenesis, the ability of LLLT to
increase mitochondrial energy metabolism could
be utilized to recover brain processes impacted by
regional brain hypometabolism associated with AD.
Furthermore, LLLT could be used as a preventive
intervention in people who present risk factors for
AD, such as those with chronic cerebrovascular
hypoperfusion, mild cognitive impairment, or a
history of head trauma. In such patients, LLLT could
be combined with cognitive intervention approaches,
similar to the strategy of applying LLLT during the
memory consolidation period described in this study,
to attenuate metabolic decline in cortical regions

commonly affected by neurodegenerative AD effects.
While there is only one clinical study published to
date [51] that reports improvement of higher-order
cognitive functions in patients with chronic traumatic
brain injury after LLLT, and no published studies of
LLLT in AD patients to date, other studies aimed at
maintaining mitochondrial bioenergetics have shown
that a metabolic intervention approach can be useful
in postponing and attenuating progression of AD. For
example, a meta-analysis examining the effects of
acetyl-L-carnitine in mild cognitive impairment and
early AD showed beneficial effects on both clinical
scales and psychometric tests with improvements after
3 months and even stronger enhancements with longer
treatment [58]. Treatment with acetyl-L-carnitine and
similar compounds may be augmented by LLLT, which
can further increase mitochondrial energy production
and cerebral blood flow. LLLT increases cytochrome
oxidase and superoxide dismutase activities, without
inducing any apparent adverse effects at radiant
exposure doses described in this and previous studies
[3]. Since memory functions are extremely sensitive to
oxidative energy deficits, it is likely that cytochrome
oxidase inhibition linked to impairments in cerebral
vascular perfusion may underlie memory deficits and
eventually contribute to brain cell atrophy and degeneration. Therefore, LLLT should be tested in people
with cognitive and memory impairment as a safe and
potentially effective alternative or complement to
existing pharmacological interventions.
The data presented here support that memory consolidation offers an optimal temporal window to be
used as a target to improve brain energy metabolism
and modulate memory. Almost thirty five years ago,
Martinez et al. [59] demonstrated for the first time
that memory improvement can be achieved by methylene blue, a potent mitochondrial metabolic enhancer,
during memory consolidation but not before acquisition. More recent experiments demonstrated that
extinction memory is effectively improved by brain
metabolic enhancement with methylene blue administered 15 min after tone exposure during extinction
training [30, 60]. The similarities in the effects of
LLLT and methylene blue on extinction become even
more remarkable when their common mitochondrial
mechanism of action is noted. This common mechanism implicates enhancement of the electron transport
chain, an important observation also made by others [61, 62]. Given the memory-improving effects of
methylene blue in alternate paradigms such as habituation [63], spatial memory [64–66], object recognition
[63], and discrimination learning [67], it is expected
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that the beneficial effects of LLLT will have applications in other forms of learning and memory besides
extinction.
It is possible that LLLT potentially reaches all brain
regions but will selectively enhance those with higher
energy demands due to task-dependent activation. This
hypothesis is supported by observations that absorption
of red and near-infrared light by cytochrome oxidase,
and any subsequent photobiological effect, is low in the
fully reduced or fully oxidized forms of the enzyme.
In contrast, light absorption by cytochrome oxidase
has been demonstrated to be maximized in the presence of a mixed valence enzyme state (i.e., partially
reduced or oxidized) [18, 68]. The probability of finding a mixed valence enzyme is higher with higher
respiratory chain electron flow. In turn, this condition is expected to occur in states of increased energy
consumption, such as those of neuronal networks activated during a particular task. In other words, greater
photoneurostimulation is expected in highly metabolically active regions such as the prefrontal cortex after
extinction training in our study. This potential selectivity represents an important mechanistic insight that
deserves validation in future experiments.
To overcome the confounding brain effects intrinsic
to the behavioral tasks and the putative neuronal selectivity of LLLT based on energy demand, metabolic
effects were determined in brains of naı̈ve rats. This
approach allowed the demonstration of a rather interesting hormetic dose-response of LLLT on brain
cytochrome oxidase activity. Lower LLLT doses, but
not higher doses, induced a significant increase in
brain cytochrome oxidase 24 h after treatment. It is
believed that far from being a spurious result, this
hormetic response on neurometabolic stimulation is
representative of the distinctive and well-characterized
dose-response effect of LLLT. Hormesis describes a
dose-response effect in which there is stimulation of
a biological process at a low dose and no effect or
even inhibition of that process at a high dose. Hormetic
responses are typically illustrated as an inverted Ushaped curve and are useful to describe effects below
typical pharmacological threshold, with peak values
30–60% greater than control [69]. Hormetic effects
have been regarded at times as negligible, although
there is compelling evidence that their presence is biologically meaningful. Hormetic responses have been
described for numerous agents including antibiotics
[70], antineoplastic drugs [71], antioxidants [72, 73],
steroids [74], and radiation [75]. In the case of LLLT,
extensive in vitro data support photostimulatory effects
with lower (0.001–10 J/cm2 ) doses and inhibition with
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higher (>10 J/cm2 ) doses [1, 76, 77]. In vivo, hormetic
responses of LLLT have been observed in tissues
with high oxidative potential such as skeletal muscle
[25] and healing connective tissue [78, 79]. Thus, our
data can be interpreted as supportive of the current
mechanistic paradigm of LLLT that implicates
hormetic enhancement of energy metabolism.
In conclusion, this study demonstrated that LEDbased LLLT is a non-invasive intervention without
significant side effects that can enhance cortical
metabolic capacity and facilitate retention of extinction
memory. These results implicate LLLT as a potential
intervention to improve memory in humans.
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mitigates Alzheimer’s disease-related pathology in
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mouse models
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Abstract
Introduction: Previous work has demonstrated the efficacy of irradiating tissue with red to infrared light in
mitigating cerebral pathology and degeneration in animal models of stroke, traumatic brain injury, parkinsonism
and Alzheimer’s disease (AD). Using mouse models, we explored the neuroprotective effect of near infrared light
(NIr) treatment, delivered at an age when substantial pathology is already present in the cerebral cortex.
Methods: We studied two mouse models with AD-related pathologies: the K369I tau transgenic model (K3),
engineered to develop neurofibrillary tangles, and the APPswe/PSEN1dE9 transgenic model (APP/PS1), engineered to
develop amyloid plaques. Mice were treated with NIr 20 times over a four-week period and histochemistry was used to
quantify AD-related pathological hallmarks and other markers of cell damage in the neocortex and hippocampus.
Results: In the K3 mice, NIr treatment was associated with a reduction in hyperphosphorylated tau, neurofibrillary
tangles and oxidative stress markers (4-hydroxynonenal and 8-hydroxy-2′-deoxyguanosine) to near wildtype levels in
the neocortex and hippocampus, and with a restoration of expression of the mitochondrial marker cytochrome c
oxidase in surviving neurons. In the APP/PS1 mice, NIr treatment was associated with a reduction in the size and number
of amyloid-β plaques in the neocortex and hippocampus.
Conclusions: Our results, in two transgenic mouse models, suggest that NIr may have potential as an effective,
minimally-invasive intervention for mitigating, and even reversing, progressive cerebral degenerations.

Introduction
Alzheimer’s disease (AD) is a chronic, debilitating neurodegenerative disease with limited therapeutic options; at
present there are no treatments that prevent the physical
deterioration of the brain and the consequent cognitive
deficits. Histopathologically, AD is characterised by neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein and amyloid-beta (Aβ) plaques [1,2]. The extent of
these histopathological features is considered to vary with
and to determine clinical disease severity [2]. While the
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initiating pathogenic events underlying AD are still debated, there is strong evidence to suggest that oxidative
stress and mitochondrial dysfunction have important roles
in the neurodegenerative cascade [3-5]. Therefore, it has
been proposed that targeting mitochondrial dysfunction
could prove valuable for AD therapeutics [6].
One safe, simple yet effective approach to the repair of
damaged mitochondria is photobiomodulation with
near-infrared light (NIr). This treatment, which involves
the irradiation of tissue with low intensity light in the
red to near-infrared wavelength range (600 to 1000 nm),
was originally pioneered for the healing of superficial
wounds [7] but has been recently shown to have efficacy
in protecting the central nervous system. While the
mechanism of action remains to be elucidated, there is
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evidence that NIr preserves and restores cellular function
by reversing dysfunctional mitochondrial cytochrome c
oxidase (COX) activity, thereby mitigating the production
of reactive oxygen species and restoring ATP production
to normal levels [8,9].
To date, NIr treatment has yielded neuroprotective
outcomes in animal models of retinal damage [9,10],
traumatic brain injury [11,12], Parkinson’s disease [13-15]
and AD [16,17]. Furthermore, NIr therapy has yielded
beneficial outcomes in clinical trials of human patients
with mild to moderate stroke [18] and depression [19].
This treatment represents a promising alternative to
drug therapy because it is safe, easy to apply and has no
known side-effects at levels even higher than optimal
doses [20].
The aim of this study was to assess the efficacy of NIr
in mitigating the brain pathology and associated cellular
damage that characterise AD. We utilised two mouse
models, each manifesting distinct AD-related pathologies: the K3 tau transgenic model, which develops NFTs
[21,22]; and the APP/PS1 transgenic model, which develops amyloid plaques [23]. Here, we present histochemical evidence that NIr treatment over a period of 1
month reduces the severity of AD-related pathology and
oxidative stress and restores mitochondrial function in
brain regions susceptible to neurodegeneration in AD,
specifically the neocortex and hippocampus. The findings extend our previous NIr work in models of acute
neurodegeneration [13,14] to demonstrate that NIr is
also effective in protecting the brain against chronic insults due to AD-related genetic aberrations, a pathogenic
mechanism that is likely to more closely model the
human neurodegenerative condition.

Methods
Mouse models

The K3 transgenic mouse model, originally generated as a
model of frontotemporal dementia [21,22], harbours a human tau gene with the pathogenic K369I mutation; expression is driven by the neuron-specific mThy1.2 promoter.
This model manifests high levels of hyperphosphorylated
tau and NFTs by 2 to 3 months of age and cognitive deficits by about 4 months of age [21,22]. We commenced our
experiments on K3 mice and matched C57BL/6 wildtype
(WT) controls at 5 months of age, when significant neuropathology is already present.
The APPswe/PSEN1dE9 (APP/PS1) transgenic mouse
model, obtained from the Jackson Laboratory (Stock number 004462; Bar Harbor, ME, USA), harbours two human
transgenes: the amyloid beta precursor protein gene (APP)
containing the Swedish mutation; and the presenilin-1
gene (PS1) containing a deletion of exon 9 [23]. The APP/
PS1 mice exhibit increased Aβ and amyloid plaques by 4
months of age [24] and cognitive deficits by 6 months of
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age [25]. We commenced our experiments on APP/PS1
mice and matched C57BL/6 × C3H WT controls at 7
months of age, when numerous amyloid plaques and associated cognitive deficits are present.
Genotyping of mice was achieved by extracting DNA
from tail tips through a modified version of the Hot
Shot preparation method [26] and amplifying the
transgene sequence by polymerase chain reaction. As
reported previously, K3 mice were identified using the
primers 5′-GGGTGTCTCCAATGCCTGCTTCTTCAG-3′
(forward) and 5′-AAGTCACCCAGCAGGGAGGTGC
TCAG-3′ (reverse) [21,22] and APP/PS1 mice were genotyped using primers 5′-AGGACTGACCACTCGACCAG-3′ (forward) and 5′-CGGGGGTCTAGTTCTGC
AT-3′ (reverse) [23].
Experimental design

For each series of experiments on K3 mice (aged 5 months)
or APP/PS1 mice (aged 7 months) there were three
experimental groups: untreated WT mice, untreated
transgenic mice and NIr-treated transgenic mice (n = 5
mice per experimental group for the K3 series, 15 mice
in total; n = 6 mice per experimental group for the APP/
PS1 series, 18 mice in total). Our design did not include
a WT control group exposed to NIr because NIr has no
detectable impact on the survival and function of cells
in normal healthy brain [13-15]. Given the consistency
of the previous results, use of animals for this extra
control group did not seem justified [27].
Mice in the NIr-treated groups were exposed to one
90-second cycle of NIr (670 nm) from a light-emitting
device (LED) (WARP 10; Quantum Devices, Barneveld,
WI, USA) for 5 days per week over 4 consecutive weeks.
Light energy emitted from the LED during each 90second treatment equates to 4 Joule/cm2; a total of 80
Joule/cm2 was delivered to the skull over the 4 weeks.
Our measurements of NIr penetration across the fur and
skull of a C57BL/6 mouse indicate that ~2.5% of transmitted light reaches the cortex.
For each treatment, the mouse was restrained by hand
and the LED was held 1 to 2 cm above the head. The
LED light generated no heat and reliable delivery of the
radiation was achieved [13-15]. For the sham-treated
WT, K3 and APP/PS1 groups, animals were restrained
in the same way and the device was held over the head,
but the light was not switched on. This treatment regime
is similar to that used in previous studies where beneficial changes to neuropathology and behavioural signs
were reported [13-15].
Experimental animals were housed two or more to a
cage and kept in a 12-hour light (<5 lux)/dark cycle at
22°C; food pellets and water were available ad libitum.
All protocols were approved by the Animal Ethics
Committee of the University of Sydney.
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Figure 6 Effect of near-infrared light on amyloid-beta and plaque pathology in APP/PS1 mice. (A), (B), (C), (D), (E), (F) Quantification of
amyloid-beta (Aβ) 4G8 immunolabelling of amyloid plaques in the neocortex (A, B, C) and hippocampus (D, E, F), based on plaque burden (A, D),
plaque size (B, E) and number of plaques (C, F). All error bars indicate standard error of the mean. *P < 0.05, ***P < 0.001, ****P < 0.0001. (H), (I), (J), (K),
(L), (M) Representative micrographs showing Aβ labelling with the 4G8 antibody (brown) in the neocortex (H, I, J) and hippocampus (K, L, M). Arrows
indicate plaques. Scale bar = 100 μm; scale in (M) applies to all other micrographs. DG, dentate gyrus of hippocampus; NIr, near-infrared light; SLM,
stratum lacunosum moleculare; WT, wildtype.

The present results add to our previous findings of NIrinduced neuroprotection in models of toxin-induced acute
neurodegeneration (that is, MPTP-induced parkinsonism).
When incorporated into the growing body of evidence
that NIr can also protect against CNS damage in models
of stroke, traumatic brain injury and retinal degeneration
[9-12,36], the findings provide a basis for trialling NIr
treatment as a strategy for protection against neurodegeneration from a range of causes. Present evidence is based
on the use of multiple methods, immunohistochemical
and histological, to demonstrate pathological features
(for example, 4G8 antibody labelling and Congo red
staining for amyloid plaques, AT8 antibody labelling
and Bielschowsky silver staining for NFTs).
Relationship to previous studies

The present study focused on pathological features considered characteristic of AD, as well as on signs of cellular damage (for example, oxidative stress, mitochondrial
dysfunction) that have been demonstrated in AD and in
animal models [2-4]. Our observations in the K3 strain
add to previous studies by providing the first evidence in
this strain of extensive oxidative damage and mitochondrial dysfunction [27].

Our findings are consistent with previous reports of
the effects of red to infrared light on AD pathology in
animal models. De Taboada and colleagues assessed the
capacity of 808 nm laser-sourced infrared radiation, delivered three times per week over 6 months, to reduce
pathology in an APP transgenic model of Aβ amyloidosis
[17]. Treatment led to a reduction in plaque number,
amyloid load and inflammatory markers, an increase in
ATP levels and mitochondrial function, and mitigation
of behavioural deficits. De Taboada and colleagues commenced treatment at 3 months of age, before the expected onset of amyloid pathology and cognitive effects.
Similarly, Grillo and colleagues reported that 1,072 nm
infrared light, applied 4 days per week for 5 months,
reduces AD-related pathology in another APP/PS1 transgenic mouse model (TASTPM) [16]. These investigators
also initiated light treatment before the onset of pathology,
at 2 months of age. Both studies thus provide evidence
that infrared radiation can slow the progression of cerebral
degeneration in these models. The present results confirm
these observations, in two distinct transgenic strains; they
also confirm that the wound-healing and neuroprotective
effects of red-infrared length do not vary qualitatively with
wavelength, over a wide range.

Purushothuman et al. Alzheimer's Research & Therapy 2014, 6:2
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Figure 7 Effect of near-infrared light on Congo red-positive plaque numbers in APP/PS1 mice. (A), (B) Quantification of Congo red-positive
plaque counts in the neocortex (A) and hippocampus (B). All error bars indicate standard error of the mean. (C), (D), (E), (F), (G), (H) Representative
micrographs showing Congo red staining of plaques in the neocortex (C, E, G) and hippocampus (D, F, H). Arrows indicate plaques. Scale bar = 50 μm;
scale in (H) applies to all other micrographs. DG, dentate gyrus of hippocampus; NIr, near-infrared light; SLM, stratum lacunosum moleculare; WT, wildtype.

Evidence of reversal of pathology

Previous reports have described the natural history of
the K3 [21,22] and APP/PS1 transgenic models [24,37].
Based on these previous reports and our own baseline
data (Figure 1), significant brain pathology and functional deficits are present in both models at the ages
when we commenced treatment. Our results therefore
suggest that significant reversal of pathology has been
induced by the NIr treatment. This has implications for
clinical practice, where most patients are not diagnosed
until pathogenic mechanisms have already been initiated
and resultant neurologic symptoms manifest [15,27].
This evidence that AD-related neuropathology can be
transient – appear then disappear – is not novel. Garcia-

Alloza and colleagues described evidence of the transient
deposition of Aβ, including the formation of plaque-like
structures, in a transgenic model of Aβ deposition [24].
Reversal of such pathology, by interventions such as NIr
treatment, may therefore be possible. However our results
suggest that reversal may also be limited to recently
formed, immature plaques, as we observed a significant
NIr-induced reduction in immunolabelling with the 4G8
and 6E10 antibodies but no significant difference in Congo
red staining. Because the 4G8 and 6E10 antibodies recognise various forms of Aβ, while Congo red stains only mature, compacted plaques, a reasonable deduction is that
NIr treatment reduces only the transient, recently formed
Aβ deposits, with no substantial effect on mature plaques.

Purushothuman et al. Alzheimer's Research & Therapy 2014, 6:2
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As there is still no consensus as to the pathogenic roles of
different forms of Aβ, it is unclear how this might impact
on the therapeutic potential of NIr in a clinical setting.
Mechanisms

The mechanisms underlying the neuroprotective actions
of red to infrared light are not completely understood.
There is considerable evidence that NIr photobiomodulation enhances mitochondrial function and ATP synthesis
by activating photoacceptors such as COX and increasing
electron transfer in the respiratory chain, while also reducing harmful reactive oxygen species [38-40]. NIr
photobiomodulation could also upregulate protective
factors such as nerve growth factor and vascular endothelial growth factor [41,42] and mesenchymal stem cells [43]
that could target specific areas of degeneration.
The ability of NIr to reduce the expression of hyperphosphorylated tau, which in turn reduces oxidative
stress [44], may be key to its neuroprotective effect. Oxidative stress and free radicals increase the severity of
cerebrovascular lesions [45,46], mitochondrial dysfunction [4,47], oligomerisation of Aβ [5,48] and tauopathies
and cell death [48,49] in AD. Considering the brain’s
high consumption of oxygen and consequent susceptibility to oxidative stress, mitigating such stressors would
probably have a pronounced protective effect [50].

Conclusions
Overall, our results in two transgenic mouse models
with existing AD-related pathology suggest that lowenergy NIr treatment can reduce characteristic pathology, oxidative stress and mitochondrial dysfunction in
susceptible regions of the brain. These results, when
taken together with those in other models of neurodegeneration, strengthen the notion that NIr is a viable
neuroprotective treatment for a range of neurodegenerative
conditions. We believe this growing body of work provides
the impetus to begin trialling NIr treatment as a broadbased therapy for AD and other neurodegenerations.
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From Abstract
Photobiomodulation (PBM) describes the use of red or near-infrared
light to stimulate, heal, regenerate, and protect tissue that has either
been injured, is degenerating, or else is at risk of dying.
One of the organ systems of the human body that is most necessary to
life, and whose optimum functioning is most worried about by
humankind in general, is the brain.
The brain suffers from many different disorders that can be classified
into three broad groupings: traumatic events (stroke, traumatic brain
injury, and global ischemia), degenerative diseases (dementia,
Alzheimer's and Parkinson's), and psychiatric disorders (depression,
anxiety, post traumatic stress disorder).
There is some evidence that all these seemingly diverse conditions can
be beneficially affected by applying light to the head. There is even the
possibility that PBM could be used for cognitive enhancement in normal
healthy people.
In this transcranial PBM (tPBM) application, near-infrared (NIR) light is
often applied to the forehead because of the better penetration (no
hair, longer wavelength).
This review will cover the mechanisms of action of photobiomodulation
to the brain, and summarize some of the key pre-clinical studies and
clinical trials that have been undertaken for diverse brain disorders.

Conclusion
Many investigators believe that PBM for brain disorders will become one
of the most important medical applications of light therapy in the
coming years and decades.
Despite the efforts of “Big Pharma”, prescription drugs for psychiatric
disorders are not generally regarded very highly (either by the medical
profession or by the public), and many of these drugs perform little
better than placebos in different trials, and moreover can also have
major side-effects.
Moreover it is well accepted that with the overall aging of the general
population, together with ever lengthening life spans, that dementia,
Alzheimer's, and Parkinson's diseases will become a global health
problem.
Even after many years of research, no drug has yet been developed to
benefit these neurodegenerative disorders.
A similar state of play exists with drugs for stroke (with the exception of
clot-busting enzymes) and TBI.
New indications for tPBM such as global ischemia (brain damage after a
heart attack), post-operative cognitive dysfunction, and
neurodevelopmental disorders such as autism spectrum disorder may
well emerge.
Table 2 shows the wide range of brain disorders and diseases that may
eventually be treated by some kind of tPBM, whether that be an
office/clinic based procedure or a home-use based device.
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ABSTR ACT: Postoperative cognitive dysfunction (POCD) is a decline in memory following anaesthesia and surgery in elderly patients. While often
reversible, it consumes medical resources, compromises patient well-being, and possibly accelerates progression into Alzheimer’s disease. Anesthetics have
been implicated in POCD, as has neuroinflammation, as indicated by cytokine inflammatory markers. Photobiomodulation (PBM) is an effective treatment
for a number of conditions, including inflammation. PBM also has a direct effect on microtubule disassembly in neurons with the formation of small,
reversible varicosities, which cause neural blockade and alleviation of pain symptoms. This mimics endogenously formed varicosities that are neuroprotective against damage, toxins, and the formation of larger, destructive varicosities and focal swellings. It is proposed that PBM may be effective as a preconditioning treatment against POCD; similar to the PBM treatment, protective and abscopal effects that have been demonstrated in experimental models of
macular degeneration, neurological, and cardiac conditions.
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Introduction

Postoperative cognitive dysfunction (POCD) is a neurodegenerative condition, acquired after surgery and anaesthesia,1,2 and is similar to Alzheimer’s disease (AD) in symptoms
and risk factors such as age and education level.1,3 POCD
has become a significant problem in the health-care system,
in terms of both patient outcome and increased resources
expended. As yet, there are a few effective therapeutic interventions. Photobiomodulation (PBM) is the use of (nonthermal)
visible and infrared light to promote therapeutic benefits.4–6
Recently, PBM has been shown to be effective against neurodegenerative disorders, including AD,7 Parkinson’s disease
(PD),8 and depression,9 in both animal models and clinically.
The concept of preconditioning in health with laser treatments
has been explored over the past few years with increasing evidence of its effectiveness.10 This paper reviews the effects of
PBM treatment on the cytoskeleton as a mechanism behind
preconditioning and its proposed use for preconditioning and
neuroprotection against POCD. Cytoskeleton modulation,
as well as the parallel between the evoked PBM response
and endogenous mechanisms of neuroprotection in hibernation, cortical spreading depression (CSD), N-methyl-daspartate (NMDA) poisoning, and ischemic preconditioning,
is reviewed. These mechanisms involve interaction between

is relevant to this manuscript. permissions for use of all copyrighted images have been
obtained.
COPYRIGHT: © the authors, publisher and licensee libertas academica limited.
this is an open-access article distributed under the terms of the creative commons
cc-BY-nc 3.0 license.
CORRESPONDENCE: brian.bicknell@acu.edu.au
paper subject to independent expert blind peer review. all editorial decisions made
by independent academic editor. upon submission manuscript was subject to antiagreement to article publication and compliance with all applicable ethical and legal
requirements, including the accuracy of author and contributor information, disclosure of
competing interests and funding sources, compliance with ethical requirements relating
to human and animal study participants, and compliance with any copyright requirements
of third parties. this journal is a member of the committee on publication Ethics (copE).
published by libertas academica. learn more about this journal.

a number of proteins and signaling molecules, including
TWIK-related spinal cord potassium channels (TRESK) and
transient receptor potential vanilloid 1 (TRPV1) ion channels.
These proteins may interact with the cytoskeleton,11,12 postsynaptic density protein 95 (PSD-95), cypin, and prion protein
(PrPC), which together organize cytoskeleton structure.13–15
This review discusses the role of the cytoskeleton in allostasis
in response to redox stress and cellular stress,15,16 which results
in neuroinflammation17 and protein interactions of the axonal
and synaptic densities.18 PBM has been shown to have a direct
effect on the cytoskeleton, which is directly involved in neural
blockade, in pain modulation19 and most probably in the preconditioning effects of PBM, which may also be important
in preconditioning against POCD. The emphasis is on the
neuroprotective role of small, reversible axonal varicosities
that are protective against the large destructive neural varicosities seen in neurodegenerative disease and sympathetically
dysregulated pain.

Postoperative Cognitive Dysfunction

POCD is also known, in the literature, as postoperative
cognitive deficit, postoperative cognitive decline, perioperative cognition deficit, and postoperative cognitive change. It
is a widely recognized clinical condition, involving the loss
Journal of ExpErimEntal nEurosciEncE 2016:10
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was associated with POCD in total hip replacement surgery.
Inflammation markers 1L-6, IL-1β, TNF-α, S-100B, and
tau were also found to increase after surgery.103 Recent studies
have also shown some link between POCD in patients and
levels of insulin-like growth factor 1 (IGF-1) and IGF-1 binding protein 7, both were believed to be important in memory
consolidation and AD.17 IL-6 has been suggested as playing
a crucial role in the neuroinflammatory response leading to
POCD.130 Inflammatory cytokines have also been associated
with POCD after cardiac surgery131 and levels of S-100, an
indicator of traumatic brain injury, was found to be an indicator of POCD.132,133 In addition, in a meta-analysis of studies
investigating the inflammatory response of patients, IL-6 and
S-100B were identified as being correlated with POCD.134 The
inflammatory cascade is, in part, controlled by the melanocortin system including α-MSH, which downregulates inflammatory cytokines.135 Melatonin is important as a risk factor of
AD136 and possibly POCD.110 The melanocortin system also
has a PrPC regulatory involvement137 and Mariante et al138
contend that PrPC is involved in a regulatory loop of inflammatory processes linked with systemic or cellular stress.
There is a need to identify patients at risk of POCD,
but as yet, no common genomic indicators of POCD have
been unambiguously identified. This includes apolipoprotein
E (ApoE), which has been associated with POCD in some
studies139 but not in others,140,141 although a recent prospective
study has shown that patients carrying the ApoE4 genotype
(the highest genetic risk factor for AD)142 had an increased risk
of POCD.143 A review of the literature has identified a number
of potential markers of POCD,144 including C-reactive protein
(CRP), P-selectin (SELP), complement component 3 (C3F),
inducible NOS (iNOS), and cytochrome P450. The presence
of brain β-amyloid has also been found to be a good predictor
of POCD risk in cognitively normal patients104 and a link has
also been established between Aβ42/tau ratio (an indicator of
AD) in the cerebrospinal fluid of patients prior to surgery and
POCD.129,145 Proteomic studies have suggested that fibrinopeptide A is a potential biomarker.113
Neuroprotection by preconditioning is the use of sublethal
insult to provoke a protective response and has had some success in the prevention of ischemic stroke, AD, and PD in animal models.146 Neuroprotection against POCD has had mixed
success. Bilotta et al, 37 based on a review of clinical trials, suggest that neuroprotection against POCD could be achieved
with a number of drugs, such as atorvastatin. There is some
evidence that amantadine, which increases glial-cell-linederived neurotrophic factor and decreases neuroinflammation,
might reduce the effect of POCD.147 IL-6 receptor antagonists
have also been found to act as a preventative measure against
POCD.130 Remote ischemic preconditioning, however, was
not found to be effective as neuroprotection against POCD;148
nor was propofol (used to suppress electroencephalogram
bursts),149 reduction in C5 complement,150 platelet activating
factor antagonist151 or the corticosteroid dexamethasone.152

Presurgical cognitive intervention has been shown to have
some effect on reducing POCD.153 Interestingly, the administration of melatonin prior to isoflurane anaesthesia in rats was
shown to reduce cognitive impairment.154
PBM has been shown to have an effect on neurodegenerative diseases in animal models, including AD, PD, and
depression.7,9,155,156 Purushothuman et al7 propose that the
ability of PBM to reduce hyperphosphorylation of tau is neuroprotective in AD. It has also been shown that laser light is
absorbed by β-amyloid,157 and Grillo et al158 have shown a
decrease in β-amyloid with PBM. It is therefore proposed that
the success of PBM in the preconditioning against AD and
the treatment of PD suggest that it might also be an effective
preconditioning agent against POCD.

Photobiomodulation

PBM has been defined as a “nonthermal process involving
endogenous chromophores that elicit photophysical (linear
and nonlinear effects) and photochemical events at various
scales, resulting in beneficial photobiological responses.”4
This is most often low-level laser therapy (LLLT) but may
also be a noncoherent light-emitting diode (LED). Light
was used in 1903 as a therapy for skin lesions, with an article
published by Finsen in the Lancet in 1903159 reporting the
striking results of the use of red light treatment to prevent the
disfigurement of smallpox scars, providing that the intervention was at an early stage of the disease. Additionally, Finsen
was awarded the Nobel Prize in 1903 for the use of ultraviolet (UV) light for the treatment of lupus vulgaris. Phototherapy as a treatment fell from favor until 1968 when Mester
et al first showed that laser could stimulate wound healing
and hair growth in mice.160 Another early use of laser therapy
was the treatment of wound and skin lesions (radiation ulcers
following the Chernobyl nuclear accident using argon lasers
(450–530 nm).161 Over the past 45 years, PBM in the visible to
infrared wavelengths (between 400 and 1072 nm) has become
increasingly accepted as a therapeutic intervention, with
randomly controlled clinical trials as well as animal models
demonstrating a significant role for LLLT in the treatment of
many conditions in veterinary as well as human patients. It has
also become apparent that there is a biphasic dose response for
LLLT, following the Arndt–Schulz curve,162 where increasing dose corresponds to an increasing effect up to a maximum
(a dose window), after which further increasing dose evokes
a negative response. PBM is currently used to treat a variety
of radiation and chemotherapy-induced ulcers,163 as well as
oral and other wounds4,164 and wound infection.165 The use of
PBM therapy can protect against damage to the skin by UV
light as well as a number of other skin conditions, including
vitiligo, psoriasis, and herpes simplex.166 LLLT is used for
sports injuries,167 tendon repair,168 remodeling collagen fibers
in tendon injuries,169 for lymphedema management,170 and for
acceleration of tooth movement during orthodontics.171 PBM
has been used in the treatment of cardiac disease and cardiac
Journal of ExpErimEntal nEurosciEncE 2016:10
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protection in animal models via the modulation of iNOS and
induction of mesenchymal stem cells.172–175
PBM has also been successfully used in the treatment
of both acute and chronic pain in the periphery176,177 and in
centrally mediated pain states including chronic neck pain.178–181
The ability of photons introduced as LLLT to modify bioelectrical signaling in peripheral nerves has been unequivocally demonstrated in animal and human models.19,182 This
is of primary importance in pain treatment as suppression of
action potentials in nociceptors is one of the mechanisms for
the direct analgesic effects of LLLT.177 Nociceptors are selectively affected by laser irradiation, and it has been proposed
that this effect underpins the pain-relieving effects of LLLT
in the treatment of acute and chronic pain182 and the basis of
the local anesthetic effect of LLLT, which can be effective as a
pain block in such things as dental extraction.183
Most recently, there has been increasing evidence from
animal studies for the use of PBM in cognitive and neurodegenerative diseases, such as depression,9,184 traumatic brain
injury,185 AD,7,158,186–189 and PD.8,155,156,189,190 PBM has the
added benefit of a wide dose window to achieve the effect and
no identified harmful effects, within the correct dose parameters and following the contraindication recommendations of
not directing PBM into eyes, over a carcinoma site or over a
fetus.191
LLLT has also been shown to have a role in neuroprotection190 and preconditioning against such conditions
as muscle fatigue, inflammation, and pain, as reviewed by
Agrawal et al,10 macular degeneration,192,193 preconditioning in
cardiac protection,172 PD190 and AD.7,186 In addition to targeting the site of the disease, this preconditioning and protection
can also involve an abscopal (indirect) effect, where the effect
is elicited by irradiating an area of the body remote from the
site of disease or injury.189,194 This has been shown to occur in
patients with macular degeneration, where the nonirradiated
eye experienced the same protection as the irradiated eye.193
The abscopal effect has also been shown for cardiac disease in
rats, where LLLT to a remote site (tibia) elicited a response
in protection against cardiac infarct,173 upregulating iNOS
and mobilizing c-kit+ cells to be recruited to the heart damage
site.172,174 This abscopal effect has been shown to be at least as
effective as PBM at the site of injury.174 Tibial bone marrow as
a target also improved cognition in a mouse model of AD.188
LLLT delivered to the skull in mice was also shown to improve
AD β-amyloid and cognition.186 Johnstone et al8,155 have shown
neuroprotection in a rat model of PD, where remote preconditioning produced a similar effect on trans-cranial LLLT. They
propose a systemic effect with circulating cellular or molecular
factors to induce the abscopal neuroprotective effect. Keszler
et al suggest that direct application of LLLT to patients’ hearts
may not be necessary for the protection against cardiac ischemia due to this systemic effect.175
Current known mechanisms of LLLT action have been
well reviewed4,195,196 and include roles for cytochrome-c-oxidase
6
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and mitochondrial energy production,196 retrograde mitochondrial signaling,197 NOS modulation,173,181,196,198,199
electron transfer via a redox reaction 200 resulting in antioxidant enzyme activity, 201,202 restoration of balance between
pro- and antioxidant mediators by increasing peroxisome
proliferator-activated receptor expression and glutathione
concentration, 203 modulation of hypoxia-inducible factor 1α
(HIF-1α), 204 reduction in TNF-α, 205 modulation of inflammatory cytokines and ILs, NF-κB, 206,207 IL-6, and IL-1β, 208
modulation of growth factors IGF-1, and transforming
growth factor beta-1 (TGF-β1), 201 modulation of opioid and
its precursor molecule proopiomelanocortin (the melanocortin signaling system), 209 and cytokine abscopal effects.155
LLLT is known to downregulate the inflammatory process210
by increasing antioxidants and decreasing oxidative stress, 211
via the mechanisms described earlier and by increasing superoxide dismutase.201,203 PBM also directly affects the cell signaling molecule MAPK.167,212
In addition to the photon receptors for the mechanisms
described earlier, which includes the known chromophores of
melanin, flavins, porphyrins, and cytochrome C oxidase,196
there may be a second group of interactions where physical perturbations by photons cause conformational changes in receptor proteins4,194,213 especially in redox-sensitive proteins. This
perturbation involves a molecular switching mechanism 214
which includes the receptor tyrosine kinases,195,215 ion channels such as TRPV1 channels, which can respond to visible
and infrared light, 216,217 and potassium channels.218 Various
opsin proteins, which belong to the G-protein-coupled receptor family, also act as photoreceptors. These include rhodopsin
molecules in rod cells of the retina and in the skin, 219 photopsins in cone cells of the retina, melanopsins in retinal ganglion
cells, encephalopsins (OPN3) in the brain, 220 and neuropsin
(OPN5) in spinal tissue (eye, brain, testes, spinal cord). 221
Light also regulates neuronal activity in the eye by direct
allosteric modulation of GABA and NMDA receptor proteins, which directly influence neuronal signaling, depending
on the redox state of the receptor.222,223 This group of interactions with receptors would involve physical perturbation of
the molecular structure in the skin and neural membranes to
facilitate the physiological function.4,194
There has been less attention to the role of cytoskeleton
modulation as a primary LLLT mechanism. Evidence for the
role of LLLT in cytoskeleton modulation, pain attenuation,
and neurotransmission blockade has been demonstrated by
Chen et al224 and Chow et al.19,177 As the cytoskeleton is both
a receptor and an initiator of signal transduction, cytoskeleton
modulation by PBM is a candidate for the observed abscopal
effects of LLLT.

MT and Cytoskeleton Modulation

The cytoskeleton is an important component of all cells and
consists of the MT network, neurofilaments, and actin filaments. MTs provide structural support, connect targets, and

Alzheimer’s (neurodegenerative) Prevention Protocol
Brain Rehabilitation Protocols
Stop consuming crappy/glycating carbohydrates
Balance omega-6/omega-3 ratio (1.5 – 4 /1)
Get vitamin D levels above 50 ng/ml
Take vitamin K2-4 and K2-7
Be mindful of cholesterol lowering drugs (optimum total cholesterol for brain physiology 200-240 mg/dl)
Supplement with magnesium, about 500 mg/day
No copper water or copper in supplements
Take antioxidant vitamin/mineral supplements (watch the iron and copper)
Take curcumin/resveratrol
Elevate glutathione (undenatured whey protein / NAC supplementation)
Detoxify (foot bath / sweat /oil pull)
Low Level Laser Therapy (dual head, 4 5mW diodes for a total of 20 mW, 4-9-33-60 / 4-9-33-528) [while
doing your goals] [laser works best with acetyl-l-carnitine and alpha lipoic acid supplementation]
•

1 minute prefrontal cortex

•

1 minute cerebellum/atlas junction (for CSF)

•

1 minute occipital visual cortex

•

1 minute temporal cortex

•

1 minute at frontal/parietal junction (vertex of skull)

•

1 minute up the nose (for CSF)

•

1 minute in the open mouth (do tongue exercises)

Avoid brain trauma
Exercise
Do not smoke
Minimize television and other mindless activities
Do crossword puzzles and other challenging brain games/activities
Consume Medium Chain Saturated Triglycerides (coconut oil, 1 Tbs./meal)
Do not retire from work (increases risk 3% per year of retirement)
Minimize consumption of Anti-Cholinergic Drugs
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Photoactivation of endogenous latent transforming growth factor-β1 directs
dental stem cell differentiation for regeneration.
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Author information
Abstract
Rapid advancements in the field of stem cell biology have led to many current efforts to exploit stem
cells as therapeutic agents in regenerative medicine. However, current ex vivo cell manipulations
common to most regenerative approaches create a variety of technical and regulatory hurdles to their
clinical translation, and even simpler approaches that use exogenous factors to differentiate tissueresident stem cells carry significant off-target side effects. We show that non-ionizing, low-power
laser (LPL) treatment can instead be used as a minimally invasive tool to activate an endogenous
latent growth factor complex, transforming growth factor-β1 (TGF-β1), that subsequently differentiates
host stem cells to promote tissue regeneration. LPL treatment induced reactive oxygen species
(ROS) in a dose-dependent manner, which, in turn, activated latent TGF-β1 (LTGF-β1) via a specific
methionine residue (at position 253 on LAP). Laser-activated TGF-β1 was capable of differentiating
human dental stem cells in vitro. Further, an in vivo pulp capping model in rat teeth demonstrated
significant increase in dentin regeneration after LPL treatment. These in vivo effects were abrogated
in TGF-β receptor II (TGF-βRII) conditional knockout (DSPP(Cre)TGF-βRII(fl/fl)) mice or when wildtype mice were given a TGF-βRI inhibitor. These findings indicate a pivotal role for TGF-β in
mediating LPL-induced dental tissue regeneration. More broadly, this work outlines a mechanistic
basis for harnessing resident stem cells with a light-activated endogenous cue for clinical
regenerative applications.
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Abstract
OBJECTIVE: To address whether a single treatment of one of three visible light wavelengths, 635,
532, and 405 nm (constant wave, energy density 2.9 J/m2), could affect the hallmarks of established
renal fibrosis and whether these wavelengths could facilitate mesenchymal stem cell (MSC)
beneficence.
BACKGROUND DATA: Chronic kidney disease is a global health problem with only 20% receiving
care worldwide. Kidneys with compromised function have ongoing inflammation, including
increased oxidative stress and apoptosis, peritubular capillary loss, tubular atrophy, and
tubulointerstitial fibrosis. Promising studies have highlighted the significant potential of MSC-based
strategies to mitigate fibrosis; however, reversal of established fibrosis has been problematic,
suggesting that methods to potentiate MSC effects require further development. Laser treatments
at visible wavelengths have been reported to enhance mitochondrial potential and available cellular
ATP, facilitate proliferation, and inhibit apoptosis. We hypothesized that laser-delivered energy
might provide wavelength-specific effects in the fibrotic kidney and enhance MSC responses.
MATERIALS AND METHODS: Renal fibrosis, established in C57BL6 mice following 21 days of
unilateral ureter obstruction (UUO), was treated with one of three wavelengths alone or with
autologous MSC. Mitochondrial activity, cell proliferation, apoptosis, and cytokines were measured
24 h later.
RESULTS: Wavelengths 405, 532, and 635 nm all significantly synergized with MSC to enhance
mitochondrial activity and reduce apoptosis. Proliferative activity was observed in the renal cortices
following combined treatment with the 532 nm laser and MSC; endothelial proliferation increased in
https://www.ncbi.nlm.nih.gov/pubmed/27244220
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Low Level Laser Therapy
Know Physiology
1)

Increased ATP
The Universal Mechanism
Cytochrome c Oxidase
Improves Strength
Improves Range of Motion
Accelerates Healing
Enhances Gene Expression: immunity, neurotransmitters, hormones, etc.
Sodium Pump: pain inhibition
Aspartate/Glutamate Pump: reduces neurodegenerative diseases
Reduces Free Radical Production

2)

Inhibits COX enzymes / inflammatory eicosanoids
Pain Control
Cancer Connection
Reduces Free Radical Production
Degenerative Joint Disease—Artery Disease—Autoimmunity—
Neurodegeneration, etc.

3)

Upregulates the Endogenous Antioxidant Array
Glutathione
Master Antioxidant
Master Detoxification

4)

Scar Tissue Degradation
Improves Range of Motion
Improves Local Mechanoreception and Systemic Neurology
Visceral Applications

5)

Improve Neuron Function
Action Potential
Synaptogenesis/Neuroplasticity

6)

Upregulates Hormone Sensitive Lipase
Lipolysis

