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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 mitochon-
drial 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 extinc-
tion 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 neurother-
apeutic 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 regen-
eration [5], and protection against traumatic injury
[6–8], ischemic damage [9–11], and neurodegenera-
tion 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 com-
prises 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 hypoth-
esized that, by enhancing mitochondrial respiration
and energy metabolic capacity in specific neural net-
works, low-dose LLLT may also have a beneficial
impact on processes such as learning and memory.
For example, rats develop a conditioned fear behav-
ior (freezing) to a neutral tone after pairings of the
tone (conditioned stimulus) with a subsequent foot-
shock (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 expo-
sure 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 pharma-
cological enhancement of extinction memory can be
achieved by facilitation of brain energy metabolism
during consolidation, a critical period of memory pro-
cessing 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 dur-
ing 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 con-
sumption and cytochrome oxidase activity). It was
expected that LLLT low-dose effects on the prefrontal
cortex would feature in situ increases in cell respi-
ration 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 New-
port (Irvine, CA) model 1916-C power meter attached
to a Newport model 918D-SL photodiode detector,
prior to the onset of each treatment. The immedi-
ate postmortem scalp skin (shaved) plus the dorsal
skull of rats (n = 10) were used for verification of per-
cent transmittance using this apparatus. This allowed
us to establish the light reaching the prefrontal cor-
tical 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 appa-
ratus, 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 fluo-
rometric 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 dorsome-
dial 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 dur-
ing 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 non-
contact 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 sur-
face 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 target-
ing 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 approx-
imate 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

Table 1
Pavlovian fear extinction training

Timeline Behavioral procedure

Days 1-2 Habituation, 1 h in conditioning context A
Days 3-4 Acquisition, 15 min, 4 paired tone-shock

presentations in context A
Days 5–8 Extinction, 30 min, 9 tone presentations in

context B, LLLT follows after 15 min in
context C

Day 9 Renewal probe session, 3 tone presentations,
context A

placed back in their home cage. On days 3 and
4, subjects underwent acquisition training consisting
of four tone (conditioned stimulus)-shock (uncondi-
tioned stimulus) presentations. Each tone (15-s, 65 dB,
1- to 2-kHz frequency modulated tones, generated
by two Wavetek Sweep/Modulation generators) co-
terminated 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 comple-
tion of each session. On days 5 to 8, 30-min extinction
sessions of nine 15-s tone presentations at 3 min inter-
vals 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 min-
imal head and vibrissae movement for 3 s. Freezing for
15 s during tone presentation was the maximal score
(100% freezing), whereas zero represented no freez-
ing 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 extinc-
tion 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 demon-
strated as high levels of freezing is expected when
tone exposure is accomplished not in a neutral con-
text but in the context of original acquisition. This
phenomenon is known as renewal. Renewal is clini-
cally 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
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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 ses-
sion 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 rep-
resented a renewal probe. This renewal probe was
important to test the effects of an effective LLLT treat-
ment at preventing the return of fear after extinction
training, when subjects were reintroduced in the con-
text 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 differ-
ent 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 decap-
itated and their brains quickly extracted and frozen in
–40◦C isopentane. Forty-micrometer-thick brain coro-
nal 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. Sec-
tions were stained for quantitative measurement of
cytochrome oxidase activity as previously described
[36–38]. Frozen sections were submerged in 0.5% glu-
taraldehyde/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 tem-
perature, sections were stained for 60 min at 37◦C in
PB containing 1.3 mM 3,3′-diaminobenzidine tetrahy-
drochloride, 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 oxi-
dase 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 (opti-
cal density range 0.05–3.05) and cytochrome oxidase
activity–stained sections were placed on a DC-
powered light box and digitized using a CCD camera
and a Targa-M8 digitizer (Javelin Electronics, Tor-
rance, CA). Digitized images were analyzed for optical
density using JAVA imaging software (Jandel Scien-
tific, 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 sub-
traction. The median of optical density values were
converted to units of cytochrome oxidase activity
using calibration curves based on standards of tis-
sue 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 correc-
tion for comparisons of mean percent decreases of
in situ oxygen concentration. Experiment 2 evaluated
behavioral effects (% freezing) with repeated mea-
sures 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 com-
pare 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 two-
tailed 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 appara-
tus allowed us to establish the light level at the cortical
surface. Our results established a 5.8% light trans-
mittance through the scalp skin (shaved) plus skull,
equivalent to 1.24 optical density and 0.35 absorp-
tion coefficient (�). In addition, the light transmittance
across the entire rat brain (from dorsal to ventral sur-
face) 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 flu-
orescent quenching oxymetry immediately following
LLLT exposure (Fig. 1). The in situ prefrontal cortex
oxygen concentration in control conditions (i.e., fol-
lowing 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 fluorescence-
quenching 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.

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 extinc-
tion memory in a dose-dependent manner, subjects
undergoing extinction training were treated with daily
fractions of LLLT delivered 15 min after an extinc-
tion 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 dur-
ing the memory consolidation phase of extinction,
which is characterized by increased energy expenditure
secondary to protein synthesis [39–41] and synap-
tic strengthening and outgrowth [42, 43]. Table 2
shows that, after acquisition, both control and treat-
ment 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 progres-
sively 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 freez-
ing 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 signifi-
cant (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 con-
trol. 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 Control mean SEM LLLT mean SEM p value
(% freezing) (% freezing)

Acquisition 64.00 8.02 59.09 7.65 0.66
Extinction 1 5.4 J/cm2 40.00 7.24 42.73 6.91 0.79
Extinction 2 10.8 J/cm2 34.50 4.60 18.64 4.39 0.02
Extinction 3 16.2 J/cm2 39.63 3.55 40.11 3.38 0.92
Extinction 4 21.6 J/cm2 12.50 6.93 30.45 6.61 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 ses-
sion. In this renewal probe, control subjects showed
a mean freezing score of 58 ± 11%, which was sim-
ilar to acquisition levels of freezing. In contrast,
5.4 J/cm2 LLLT-treated subjects showed a mean freez-
ing 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 orig-
inal 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 neurochem-
ical changes that persist beyond the period of light
exposure and translate into changes of neuronal phys-
iology. 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 neu-
ronal energy demands [23, 44]. Cytochrome oxidase
activity is a sensitive marker of brain metabolic capac-
ity 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 con-
trast, 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 signif-
icant 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 oxi-
dase 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-

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 demon-
strated 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] demon-
strated 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 varia-
tion 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 impli-
cate the activation of signaling pathways and regulation
of gene expression that occur after light exposure. Sec-
ondary 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 degen-
eration. 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 con-
solidation 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 methy-
lene blue, a potent mitochondrial metabolic enhancer,
during memory consolidation but not before acqui-
sition. More recent experiments demonstrated that
extinction memory is effectively improved by brain
metabolic enhancement with methylene blue admin-
istered 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 mecha-
nism implicates enhancement of the electron transport
chain, an important observation also made by oth-
ers [61, 62]. Given the memory-improving effects of
methylene blue in alternate paradigms such as habitu-
ation [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 applica-
tions 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 pres-
ence of a mixed valence enzyme state (i.e., partially
reduced or oxidized) [18, 68]. The probability of find-
ing a mixed valence enzyme is higher with higher
respiratory chain electron flow. In turn, this condi-
tion is expected to occur in states of increased energy
consumption, such as those of neuronal networks acti-
vated during a particular task. In other words, greater
photoneurostimulation is expected in highly metabol-
ically active regions such as the prefrontal cortex after
extinction training in our study. This potential selec-
tivity 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 selec-
tivity of LLLT based on energy demand, metabolic
effects were determined in brains of naı̈ve rats. This
approach allowed the demonstration of a rather inter-
esting 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 U-
shaped 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 bio-
logically 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

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 LED-
based 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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