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Neurobiology of Disease

Low-Level Laser Therapy Rescues Dendrite Atrophy via
Upregulating BDNF Expression: Implications for
Alzheimer’s Disease
Chengbo Meng, Zhiyong He, and Da Xing
MOE Key Laboratory of Laser Life Science and Institute of Laser Life Science, College of Biophotonics, South China Normal University, Guangzhou 510631,
China

Downregulation of brain-derived neurotrophic factor (BDNF) in the hippocampus occurs early in the progression of Alzheimer’s disease
(AD). Since BDNF plays a critical role in neuronal survival and dendrite growth, BDNF upregulation may contribute to rescue dendrite
atrophy and cell loss in AD. Low-level laser therapy (LLLT) has been demonstrated to regulate neuronal function both in vitro and in vivo.
In the present study, we found that LLLT rescued neurons loss and dendritic atrophy via upregulation of BDNF in both A␤-treated
hippocampal neurons and cultured APP/PS1 mouse hippocampal neurons. Photoactivation of transcription factor CRE-binding protein
(CREB) increased both BDNF mRNA and protein expression, since knockdown CREB blocked the effects of LLLT. Furthermore, CREBregulated transcription was in an ERK-dependent manner. Inhibition of ERK attenuated the DNA-binding efficiency of CREB to BDNF
promoter. In addition, dendrite growth was improved after LLLT, characterized by upregulation of Rac1 activity and PSD-95 expression,
and the increase in length, branching, and spine density of dendrites in hippocampal neurons. Together, these studies suggest that
upregulation of BDNF with LLLT by activation of ERK/CREB pathway can ameliorate A␤-induced neurons loss and dendritic atrophy,
thus identifying a novel pathway by which LLLT protects against A␤-induced neurotoxicity. Our research may provide a feasible therapeutic approach to control the progression of AD.

Introduction
Neurotrophins exert biological actions primarily on cells of the
nervous system (Lewin and Barde, 1996). In addition to their
classical role in supporting survival of neuronal populations,
brain-derived neurotrophic factor (BDNF), in particular, is a
strong candidate to modulate dendritic structure and potentiate
synaptic transmission in the CNS (Katz and Shatz, 1996; Connor
and Dragunow, 1998; Murer et al., 2001). In patients with AD,
neurites atrophy and synaptic loss are considered the major
causes of cognitive impairment (Einstein et al., 1994; Masliah et
al., 2001; Selkoe, 2002). Recent evidence suggests A␤-associated
neurotoxicity and dendrite atrophy may be a consequence of
BDNF deficiency. Several studies indicate that the cortex and
hippocampus exhibit both extensive amyloid pathology and decreased levels of BDNF in Alzheimer’s disease (AD; Hu and
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ory deficits exhibited by transgenic mouse models of AD can be
rescued by BDNF delivery (Nagahara et al., 2009). Increasing
BDNF expression may be an important manner to attenuate dendrite atrophy in the CNS during AD pathology.
In recent times, low-level laser therapy (LLLT) constitutes a
novel intervention shown to regulate neuronal function in cell
cultures, animal models, and clinical conditions (Eells et al.,
2003; Rojas et al., 2008). The mechanism of LLLT at the cellular
level has been ascribed to the acceleration of electron transfer
reactions, resulting in increase of reactive oxygen species and
Ca 2⫹ as versatile second messengers (Lavi et al., 2003; Lan et al.,
2012). Previous studies have shown that the application of LLLT
could have an influence on cellular process including altering
DNA synthesis and protein expression (Feng et al., 2012; Yazdani
et al., 2012), biomodulation in cytoskeleton organization (Ricci et
al., 2009; Song et al., 2012), and stimulating cellular proliferation
(Zhang et al., 2009; Feng et al., 2012). Studies have shown that A␤induced cell apoptosis was significantly diminished with light irradiation (Liang et al., 2012; Zhang et al., 2012). LLLT can efficiently
penetrate into biological tissue including the CNS, producing noninvasive beneficial photobiomodulation effects such as promoting
nerve regeneration and increasing ATP synthesis (Anders et al.,
1993; Mochizuki-Oda et al., 2002). Such properties support that
LLLT, or interventions with similar neurobiological effects, may
have a role in the treatment of neurodegeneration, a phenomenon
that underlies debilitating clinical conditions.
Dendritic growth is crucially dependent on targeted changes
in the cytoskeleton. Activation of the Rho-family GTPases, in-
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cluding Rac and Cdc42, regulate dendritic growth and complexity in several areas of the brain (Li et al., 2000). Furthermore, in
mature visual cortical neurons, BDNF can increase the overall
amount of the postsynaptic density 95 (PSD-95) scaffolding protein to promote synaptic maturation (Yoshii and ConstantinePaton, 2007).
In this study, we investigated the effects of LLLT on A␤induced neurotoxicity in hippocampal neurons. We also found
that LLLT rescues the decrease of dendrite length and branching
by upregulation of BDNF, via the ERK/CRE-binding protein
(CREB) pathway. In addition, we showed that these changes were
paralleled by activation of Rac1 and increase in cytoskeleton protein, notably PSD-95. Our data further demonstrate that LLLT
has potential therapeutic value in treating AD by targeting BDNF.

Materials and Methods
Chemicals and plasmids. The following reagents were used: A␤25–35 and
A␤1– 42 were purchased from Sigma-Aldrich, and A␤25–35 and A␤1– 42
stock solution of 1 mM were prepared in distilled and deionized water and
stored at ⫺20°C. Before a treatment, peptides were preincubated at 37°C
for 5 d to promote aggregation and the diluted with medium to desired
concentration (25 M). PD98059 and API-2 were purchased from Santa
Cruz Biotechnology. Mithramycin-A (MTA) was purchased from Enzo.
Gö6983 was purchased from Merck. H89 and farnesyl thiosalicylic acid
(FTS) were purchased from Calbiochem. TrkB-Fc peptide was purchased
from R&D Systems. Rhodamine-phalloidin, FITC-phalloidin, actinomycin D (Act D), and xestospongin B were obtained from SigmaAldrich. Lipofectamine 2000 was purchased from Invitrogen.
The following antibodies were used: anti-ERK, anti-p-ERK, antiCREB, anti-p-CREB (ser133), anti-PSD-95, and anti-Ras. All were purchased from Cell Signaling Technology. Anti-BDNF, anti-MAP2, and
anti-Rac1 antibodies were purchased from Sigma-Aldrich. Anti-NGF
antibody was obtained from Bioworld Technology. Anti-NT-3 antibody
was purchased from R&D Systems. Anti-␤-actin and anti-histone antibody were obtained from Santa Cruz Biotechnology.
Transgenic mice. The transgenic mice (APP/PS1) used in this study were
produced by coinjection with the APPswe and PS1dE9 vectors (Zhou et al.,
2011; Zhang et al., 2013). All the experimental mice were of a C57BL/6
background, and Wild-Type (WT) and transgenic mice were paired from
the litters and housed under the same living conditions. Male APP/PS1
transgenic mice and their WT littermates were killed at 6 month of age.
Brains were removed and the hippocampus was dissected. Tissues were flash
frozen in liquid nitrogen and stored at ⫺80°C until analysis.
The present study was performed in accordance with the guidelines of
the Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, Commission on Life Sciences, National
Research Council). It was approved by the Institutional Animal Care and
Use Committee of our university (South China Normal University,
Guangzhou, China).
Cell culture and transfection. The human neuroblastoma cell line SHSY5Y was cultured in DMEM containing 10% heat-inactivated fetal bovine serum, penicillin (100 Us/ml), and streptomycin (100 g/ml) in 5%
CO2, 95% air at 37°C in a humidified incubator. SH-SY5Y cells were
transfected using Lipofectamine 2000 following the supplier’s instructions. The cells were treated 24 h after transfection.
Primary neuronal culture. Primary neurons were derived from hippocampal of C57BL/6 mice embryonic day 14 (E14) as previously described (Neumann et al., 1995). Neurons were seeded to a density 6 ⫻
10 5 viable cells/35 mm culture dishes previously coated with poly-Llysine (100 g/ml) for at least 1 h at 37°C. Cultures were maintained at
37°C with 5% CO2, supplemented with Neurobasal medium with 2%
B27 (Invitrogen), 2 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100 g/ml). APP/PS1 transgenic mice neuronal cultures were
used for 14 d in vitro (DIV). The genotype of the animals was determined
by PCR on DNA obtained from fibroblasts.
LLLT treatment. The experiment was conducted as described in our
previous work (Liang et al., 2012). A␤ was added to the culture medium
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30 min before an LLLT treatment. The cells were irradiated with He-Ne
laser (632.8 nm, 10 mW, 12.74 mW/cm 2, HN-1000; Laser Technology
Application Research Institute, Guangzhou, China) for 0.7, 1.25, 2.5, and
5 min in the dark, with the corresponding fluences of 0.5, 1, 2, and 4
J/cm 2, respectively. Throughout each experiment, the cells were kept
either in a complete dark or a very dim environment, except when subjected to the light irradiation, to minimize the ambient light interference.
Cell viability assay and cell apoptosis assay. SH-SY5Y cells or primary
hippocampal neurons were cultured in 96-well microplates at a density
of 5 ⫻ 10 3 cells/well. Cell viability was assessed with CCK-8 (Dojindo
Laboratories) after A␤ and/or LLLT. At the indicated time, CCK-8 was
added and incubated for 1.5 h. OD450, the absorbance value at 450 nm,
was read with a 96-well plate reader (DG5032; Huadong). The value is
directly proportional to the number of viable cells in a culture medium.
Quantification of apoptosis by Annexin-V/PI staining was performed
as described previously (Liang et al., 2012). Apoptosis cell death was
determined using the BD ApoAlert Annexin-V-FITC Apoptosis Kit
(Becton Dickinson, Biosciences) according to the manufacturer’s instructions. Flow cytometry was performed on a BD FACSCanto II flow
cytometer (Becton Dickinson).
Immunocytochemistry. After being treated under different experimental
conditions, cells were fixed in 4% paraformaldehyde in PBS, pH 7.4, for 15
min at room temperature and were then membrane-permeabilized with
0.5% Triton X-100 in PBS for 5 min. After blocking with 3% bovine serum
albumin at 37°C for 1 h, cells were incubated with primary antibodies: antiMAP2 antibody (1:200), anti-CREB antibody (1:200), or anti-p-CREB (Ser
133) (1:200), at 4°C overnight. Cells were then incubated with secondary
antibodies conjugated to FITC (Proteintech Group) for 2 h. After five additional washes with PBS, slides were mounted and analyzed by confocal microscopy (LSM 510 META; Carl Zeiss MicroImaging) and LSM 510 META
software (Carl Zeiss MicroImaging).
Phalloidin staining. The treated neurons were rinsed with PBS before
being fixed in 4% formaldehyde and washed again in PBS. The cells were
then incubated at room temperature with 0.1% Triton X-100 buffer for
5 min and washed again in PBS. Rhodamine-phalloidin or FITCphalloidin (1:50 diluted in PBS) was added to the coverslips and incubated at room temperature protected from light for 30 min. The
coverslips were mounted on glass slides. The Rhodamine- or FITClabeled phalloidin was viewed under a confocal microscope.
Western blot analysis. Expressions of proteins were quantified by Western blot analysis. After individual incubations, cell proteins were extracted in lysis buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% Triton
X-100, 100 g/ml PMSF) supplemented with protease inhibitor cocktail
set I for 60 min on ice. After centrifugation (4°C, 12,000 rpm, 20 min),
the resulting lysates were resolved by SDS-PAGE Bis-Tris gels (30 mg/
lane; Invitrogen, Life Technologies) and transferred to PVDF membranes (Millipore). The membranes were blocked in TBST (10 mM TrisHCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20) containing 5% nonfat milk
and then incubated with a designated primary antibody and a secondary
antibody. The signals were detected with an ODYSSEY Infrared Imaging
System (LI-COR). The intensity of the Western blot signals was quantitated using ImageJ software (National Institutes of Health (NIH),
Bethesda, MD), and the densitometry analyses are presented as the ratio
of protein/␤-actin protein, and are compared with controls and normalized to 1.
ELISA assay for BDNF detection. BDNF secretion in neurons was assessed using the ELISA BDNF Emax Immunoassay Kit (Promega). Supernatant collected from cells in the same conditions were used for the
viability assay and were diluted 1:100 and plate on wells previously coated
following the manufacturer’s instructions.
RNAi-mediated gene silencing. For RNAi-mediated gene silencing,
we used CREB-specific siRNA (5⬘-GGUGGAAAAUGGACUGGCUtt3⬘) (Tullai et al., 2007). Cells were assayed for gene silencing at 24 h
post-transfection.
Semiquantitative reverse transcription-PCR. RNeasy Lipid Tissue Mini
Kit (Qiagen) was used to extract total RNA from SH-SY5Y cells and
ImProm-II Reverse Transcription System (Promega) was used to synthesize cDNA. To determine the relative amount of cDNA molecules per
sample, we performed real-time PCR using protocols provided by Light
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Cycler Fast Start DNA Master SYBR Green I (Roche Diagnostics) system.
BDNF was detected with specific primer pairs (5⬘-CTCCGCCATGCAATTT
CCACT-3⬘, 5⬘-GCCTTCATGCAACCGAAGTA-3⬘) (Tabuchi et al., 2002).
GAPDH from each sample was also amplified to serve as an internal control.
The primer pairs of GAPDH were 5⬘-TGACAACTTTGGCATCGTGGAA
GG-3⬘ and 5⬘-CAACGGATACATTGGGGGTAGGAAC-3⬘. The annealing
temperature was 59°C. The amplified products were confirmed by running
1.5% agarose gels.
Chromatin immunoprecipitation assay. ChIP assay kit was used for
ChIP assay (Millipore). SH-SY5Y cells following indicated treatments
were cross-linked in 1% formaldehyde at 37°C for 15 min, and 0.125 M
glycine was incubated for 5 min to stop the fixation. After several washes
using ice-cold PBS, SDS lysis buffer containing 1 mM PMSF was used to
homogenize the cells. The lysates were sonicated to shear DNA to lengths
between 200 and 800 base pairs. Sonicated DNA (400 g) taken from
each sample was incubated with anti-p-CREB (Ser133) antibody at 4°C
overnight and then with 60 l of salmon sperm DNA/protein A agarose50% slurry for 1 h to form the antibody/DNA/agarose complex. Negative
control was done by using rabbit-IgG instead of anti-p-CREB (Ser133)
antibody. The precipitated DNA was eluted by 250 l of elution buffer.
After adding 10 l of 5 M NaCl, histone-DNA cross-links were reversed at
65°C overnight followed by the addition of 10 l of 0.5 M EDTA, 20 l of
1 M Tris-HCl, and 2 l of 10 mg/ml proteinase K (Sigma) incubated for
1 h at 45°C. DNA fragments were recovered by using the QIAquick PCR
purification kit (Qiagen) for subsequent reverse transcription (RT)PCR. Chromatin immunoprecipitation (ChIP) data were normalized to
input DNA from each sample. The amounts of p-CREB binding to respective BDNF promoters were expressed as a percentage of those in
naive controls. Primers for RT-PCR were designed to amplify using
BDNF promoter (Tabuchi et al., 2002): The primer sequences used were
the following: promoter III forward, 5⬘-ATGCAATGCCCTGGAAC-3⬘;
promoter III reverse, 5⬘-GTGAATGGGAAAGTGGGTG-3⬘. The annealing temperature of both cases was 59°C. The amplified products were
confirmed by running 1.5% agarose gels.
Ras activity assay. The activity of Ras was measured by detecting the
levels of Ras-GTP using a Ras activation kit (Millipore). Briefly, cultured
hippocampal neurons at 4 DIV were treated with different experimental
conditions. After 24 h, cells were lysed at 4°C and Ras-GTP was immunoprecipitated using the Ras-GTP-binding domain of Raf1 before Western blot analysis.
Rac1 activity assay. We measured Rac1 activity using Rac1 Activation Assay Kit (Millipore) according to the manufacturer’s instructions. Briefly, cultured hippocampal neurons at 4 DIV were treated
with different experimental conditions. After 24 h, cells were lysed at
4°C and incubated with Pak-PBD agarose with constant rocking at
4°C for 1 h. The proteins bound to the beads were washed three times
with lysis buffer at 4°C, eluted in SDS sample buffer, and analyzed for
bound Rac1 by Western blot using monoclonal antibody against
Rac1. GTPase activity was quantified by densitometry analysis of the
blots.
Analysis of spine density. Dendritic spines of hippocampal neurons
at 14 DIV under different treatments were identified as small protrusions that extended ⱕ3 m from the parent dendrite, and counted
off-line in maximum-intensity projections of the z-stacks using ImageJ software (NIH). Care was taken to ensure that each spine was
counted only once by following its projection course through the
stack of z-sections. Spines were counted only if they appeared continuous with the parent dendrite. Spine density was calculated by quantifying the number of spines per dendritic segment, and normalized to
1 m dendrite length.
Statistical analysis. Data are from one representative experiment
among at least three independent experiments and are expressed as the
mean ⫾ SEM. Significant differences between groups were compared
using the one-way ANOVA procedure followed by Student’s t tests using
SPSS software (SPSS) and the differences were considered statistically
significant at p ⬍ 0.05.
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Results

Effects of LLLT on A␤-induced neurotoxicity
To examine the neuroprotective effect of LLLT against A␤ cytotoxicity, we used neuronal cell line SH-SY5Y, which is an in vitro
model to mimic responses of neurons. As shown in Figure 1A, cell
viability was increased by treatment of LLLT (2 J/cm 2), and the
relative cell viability (A␤25–35 ⫹ LLLT-treated cells ⫺ A␤25–35treated cells) was raised by LLLT to a similar extent at both 24 and
48 h. Therefore, we used 24 h as the optimal time in the following
experiments.
To examine the optimal dose of LLLT, SH-SY5Y cells or primary hippocampal neurons were exposed to A␤25–35 followed by
exposure of cells to different dose of LLLT (0.5, 1, 2, or 4 J/cm 2).
Twenty-four hours later cell viability was measured using the
CCK-8 assay. As shown in Figure 1B, cell viability was evidently
increased by LLLT in a dose-dependent manner. A significant
increase was observed at the dose of 2 and 4 J/cm 2; meanwhile, to
minimize thermal effect, 2 J/cm 2 was selected as the optimum
irradiation dose in our following studies. Furthermore, we also
validated the protective effect of LLLT on hippocampal neurons
treated with full-length peptide A␤1– 42 (Fig. 1C).
Since A␤ mediated neurotoxicity by the programmed cell
death pathway, we next sought to examine if LLLT-mediated protection of neurons involved inhibition of A␤-induced neuronal apoptosis using flow cytometric analysis. Compared with the untreated
group, the apoptosis ratio significantly increased in primary hippocampal neurons within 24 h under A␤25–35 or A␤1– 42 treatment.
In contrast, the cell apoptosis rate was significantly decreased after
treatment with LLLT (Fig. 1D–G). Similar results were obtained in
SH-SY5Y cells (Fig. 1H,I). These results further confirmed that
LLLT attenuated A␤-induced neurotoxicity.
We next investigated the effects of LLLT on “dendrite initiation” (i.e., the number of primary dendrites per neurons) and
“dendrite elongation.” Hippocampal neurons were cultured for
4 d before stimulating with A␤25–35 and/or LLLT. At 5 DIV, immunofluorescent staining with MAP2 antibody showed that,
compared with untreated group, A␤25–35 decreased the primary
dendrite number (Fig. 1 J, K ) and average dendrite length (Fig.
1 J, L) per neurons. However, LLLT treatment attenuated A␤induced dendrite atrophy (Fig. 1J–L). Additionally, dendritic atrophy rescued by LLLT was verified by culturing hippocampal
neurons derived from APP/PS1 transgenic mice embryos at 10
DIV (Fig. 1 M, N ).
LLLT increases BDNF protein levels in hippocampal neurons
BDNF promotes the survival of neurons and dendrite growth
both in vitro and in vivo (Katz and Shatz, 1996; Connor and
Dragunow, 1998; Murer et al., 2001). A growing body of evidence
indicates that BDNF levels are decreased in brains of AD patients
(Hu and Russek, 2008; Zuccato and Cattaneo, 2009) and APP
transgenic mice (Peng et al., 2009; Francis et al., 2012). We first
characterized changes in BDNF levels in the APP/PS1 transgenic
mouse model at 6 months of age (Fig. 2A). Western blot analysis
of hippocampal homogenate samples demonstrated dramatic reductions in baseline levels of mature BDNF in APP/PS1 transgenic mice. Similarly, decreases in the levels of BDNF protein had
been observed in both A␤25–35- and A␤1– 42-treated SH-SY5Y
cells (Fig. 2B).
We next examined if LLLT could regulate BDNF expression
in neuronal cells. Our results showed that treatment of SHSY5Y cells with LLLT (2 J/cm 2) significantly increased BDNF
protein expression (Fig. 2C). The maximal response was observed at 24 h of 2 J/cm 2 LLLT treatment. In addition, there
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Figure1. LLLTexertsneuroprotectionagainstA␤ toxicity.A,LLLT(2J/cm 2)protectsSH-SY5YcellsagainstA␤25–35 (25 M)neurotoxicityusingtheCCK-8assayafterbeingirradiatedwithLLLTfor12h,24h,
or 48 h. B, Primary hippocampal neurons or SH-SY5Y cells were exposed to A␤25–35 followed by irradiation with LLLT at 0.5 J/cm 2, 1 J/cm 2, 2 J/cm 2, or 4 J/cm 2, respectively. Cell viability was assessed by the
CCK-8 assay after 24 h. C, LLLT (2 J/cm 2) protects primary hippocampal neurons against A␤1– 42 (25 M) neurotoxicity using the CCK-8 assay after irradiation with LLLT. D–G, Primary hippocampal neurons
treated with A␤25–35 and/or LLLT or A␤1– 42 and/or LLLT were double stained with apoptosis markers Annexin V/PI using flow cytometric analysis. H–I, Apoptosis in SH-SY5Y cells was analyzed in H and I. J,
Representativeimmunofluorescentimagesof5DIVhippocampalneuronsunderindicatedtreatmentswithMAP2antibodytovisualizedendrite(green).StainingwithRhodamine-labeledphalloidintovisualize
F-actin(red).Scalebar,10 m.K,Effectsofthesetreatmentsonthenumberofprimarydendritesperneurons.Foreachgroup,⬎25neuronsweremeasured.L,Effectsofthesetreatmentsonaveragedendritic
lengthperneuron.Foreachgroup,⬎25neuronsweremeasured.M,RepresentativephotomicrographsofFITC-phalloidinlabelinginhippocampalneuronsderivedfromAPP/PS1miceembryoon10DIVunder
thetreatmentwithorwithoutLLLT.Scalebar,10 m.N,Quantificationofprimarydendritenumbersperneuronsunderindicatedtreatments.Foreachgroup,⬎25neuronsweremeasured.Allthedatainthese
figures are presented as mean ⫾ SEM four individual experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.
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Figure 2. LLLT upregulates BDNF expression in cultured neurons derived from APP/PS1 transgenic mice and in A␤-treated hippocampal neurons. A, Western blot analysis of hippocampal lysates from
APP/PS1transgenicmiceandage-matchedWTlittermatemiceat6monthsofage.B,WesternblotanalysisofBDNFexpressioninA␤25–35-andA␤1– 42-treatedprimaryhippocampalneurons.C,Representative
Western blot assay for detecting the time-dependent effect of 2 J/cm 2 LLLT on BDNF expression in SH-SY5Y cells. D, Representative Western blot assay for detecting the dose-dependent effect of LLLT on BDNF
expression after 24 h. E, Western blot was performed to detect the BDNF, nerve growth factor (NGF), and NT-3 expression after A␤25–35 treatment with or without LLLT in primary hippocampal neurons. F–G,
BDNF expression was detected by Western blot (F) and ELISA (G) in hippocampal neurons derived from WT mice embryos or APP/PS1 embryos at 14 DIV with or without LLLT. H, Representative immunofluorescent images of 5 DIV hippocampal neurons under indicated treatments with MAP2 antibody to visualize dendrite (green). Staining with Rhodamine-labeled phalloidin to visualize F-actin (red). Scale bar, 10
m.I,Effectsofthesetreatmentsonthenumberofprimarydendritesperneurons.Foreachgroup,⬎25neuronsweremeasured.J,Effectsofthesetreatmentsonaveragedendriticlengthperneuron.Foreach
group, ⬎25 neurons were measured. All the data in these figures are presented as mean ⫾ SEM four individual experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.
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Figure 3. LLLT-induced activation of CREB enhances BDNF transcription upon A␤ treatment. A, Act D inhibits LLLT-induced increase in BDNF mRNA expression in A␤25–35-treated SH-S5Y cells.
B, SH-SY5Y cells were transfected with CREB siRNA. Western blot analysis of BDNF expression after A␤25–35 treatment with or without LLLT. C, Western bolt analysis of BDNF expression in SH-SY5Y
cells under indicated treatments. The concentration of MTA is 200 nM. D, Western blot analysis of CREB phosphorylation at Ser133 in primary hippocampal neurons treated with A␤25–35 and/or LLLT.
E, Representative immunofluorescent images of p-CREB (Ser 133) (green) in SH-SY5Y cells under the indicated treatments. Staining with propidium iodide (PI) to visualize nucleus. F, ChIP assay was
done to examine DNA-binding activity of CREB to BDNF promoter in SH-SY5Y cells and primary hippocampal neurons with different treatments. All the data in these figures are presented as mean ⫾
SEM four individual experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.

was a dose-dependent increase in BDNF protein expression,
with statistically significant increases observed with 2 J/cm 2
LLLT (Fig. 2D).
To further investigate if LLLT could upregulate BDNF expression in response to A␤ treatment, primary hippocampal
neurons were exposed to A␤25–25 followed by LLLT. As shown
in Figure 2E, LLLT could effectively increase BDNF protein
expression, but not NGF or NT-3, even in neurons exposed to
A␤25–35. The upregulation of BDNF production and secreted
by LLLT was verified by culturing hippocampal neurons derived from APP/PS1 transgenic mice embryos at 14 DIV (Fig.
2 F, G), which produced high levels of human A␤40 and A␤42
(Wu et al., 2010). These results strongly indicated that BDNF
expression was enhanced during LLLT-induced neuroprotective effects.
Scavenging extracellular BDNF with TrkB-Fc allowed testing
if dendritic growth caused by LLLT was mediated by increased
BDNF levels. Indeed, TrkB-Fc (20 g/ml) prevented the increase
in the length and number of dendritic branches observed in
A␤25–35-treated neurons after LLLT treatment (Fig. 2 H, J ). These
results suggest that enhanced BDNF expression is responsible for
the rescue of dendrite atrophy induced by LLLT in A␤25–35treated neurons.

LLLT treatment increases BDNF expression by a CREBdependent transcriptional mechanism
We next investigated if LLLT-induced increase in BDNF protein
required new mRNA synthesis by pharmacologically blocking
transcription with Act D. We have observed that pretreatment of
SH-SY5Y cells with Act D significantly inhibits LLLT-induced
increase in BDNF mRNA expression in A␤25–35-treated SH-SY5Y
cells (Fig. 3A). These data suggest a requirement for gene transcription in LLLT-induced increase in BDNF protein.
It is reported that CREB is a transcription factor of BDNF
under activity-dependent stimulation (Aid et al., 2007). Some
studies have suggested that upregulation of SP1 transcription
activity protects against neurodegenerative disorders (Ryu et al.,
2003). To detect which one is the transcription factor of BDNF
under LLLT-treatment, we blocked the activity of CREB and SP1
by using, respectively, CREB siRNA and MTA, a drug that inhibits the activity of the transcription factors of SP1 family. Knocking down CREB antagonized the LLLT-induced increase of
BDNF expression but not MTA (Fig. 3 B, C).
CREB phosphorylation at serine 133 is a key event required for
recruiting different transcription effectors (Shaywitz and Greenberg, 1999). To answer the question if LLLT induces CREB phosphorylation at serine 133 under A␤25–35 treatment, Western blot
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Figure 4. LLLT upregulates BDNF expression and CREB Ser 133 phosphorylation in A␤25–35-treated cells via ERK activation. A, Representative Western blot assay of CREB Ser133 phosphorylation
stimulated with A␤25–35 and/or LLLT in the presence of Gö6983 (20 M), API-2 (2 M), and PD98059 (1 M) in SH-SY5Y cells. B, Representative Western blot assay of the CREB Ser133
phosphorylation stimulated with A␤25–35 and/or LLLT in the presence of PD98059 (1 M) and H89 (10 M) in primary hippocampal neurons. C, Primary hippocampal neurons were treated with
A␤25–35 and/or LLLT, or pretreated with PD98059. Western blot analysis was performed to detect the levels of BDNF, total-ERK, p-ERK, total-CREB, and p-CREB. D, Representative Western blot assay
for detecting the levels of ERK phosphorylation after indicated treatments in cytoplasm and nuclear lysates, respectively. E, Representative Western blot assay of the p-ERK, total-ERK, GTP-Ras, and
total-Ras stimulated with A␤25–35 and/or LLLT in the presence of PD98059 (1 M) and FTS (20 M) in primary hippocampal neurons. F, Representative Western blot assay of the GTP-Ras and
total-Ras pretreated with Ca 2⫹-free medium, or xestospongin B (xpB, 40 M). All the data in these figures are presented as mean ⫾ SEM four individual experiments. *p ⬍ 0.05 and **p ⬍ 0.05
versus control group; #p ⬍ 0.05 versus indicated group.

assay was performed in primary neurons. As shown in Figure 3D,
the phosphorylation level of CREB at ser 133 was lower at the
A␤-treated group compared with control. Treatment of these
cells with 2 J/cm 2 LLLT induced a significant increase in the level
of CREB phosphorylation. These results were further confirmed
by immunofluorescent staining with antibodies against p-CREB
(ser 133) in SH-SY5Y cells (Fig. 3E).
It has been reported that there was a CREB binding site within
the exon of the BDNF gene that plays an important role in neuroprotection (Aid et al., 2007). We used ChIP assay to examine of
CREB bound to the promoter region of BDNF was altered after
LLLT in both SH-SY5Y cells and A␤-treated primary mouse hippocampal neuronal cultures. Figure 3F showed that the activated
transcription factors p-CREB binding to promoter region of
BDNF were decreased by A␤25–35 treatment. However, there was
a significant increase of p-CREB binding to BDNF promoter by
the treatment with LLLT even in the A␤-treated group. All these
results suggested that LLLT potentially upregulated the expres-

sion of BDNF through a CREB-dependent transcription in A␤treated neurons.
Photoactivated ERK is responsible for CREB-dependent
upregulation of BDNF
To investigate the kinases phosphorylating CREB upon LLLT in
A␤25–35-treated cells, we studied the effect of specific inhibitors of
these pathways: Gö6983, API-2, and PD98059 (for PKCs, Akt,
and MEK/ERKs, respectively) in Western bolt assays. We
found that LLLT increased the phosphorylated form of CREB
(serine 133) in A␤25–35-treated SH-SY5Y cells, which was reversed by pretreatment with PD98059, but not Gö6983 and
API-2 (Fig. 4A).
CREB can be phosphorylated by cAMP-dependent protein
kinase A (PKA), other than ERK (Gonzalez and Montminy,
1989). It is also reported that LLLT could increase the level of
cAMP via enhanced cytochrome c oxidase activity (Hu et al.,
2007; de Lima et al., 2011). We next tried to detect which is the
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Figure 5. Altered dendritic morphology after LLLT in A␤25–35-treated hippocampal neurons at 5 DIV via ERK/CREB pathway. A, Representative images of 5 DIV hippocampal neurons with
indicated treatments. Scale bar, 10 m. B, E, Quantification of primary dendrites numbers per neurons under indicated treatments. For each group, ⬎25 neurons were measured. C, F, Quantification of average dendritic length per neurons under indicated treatments. For each group, ⬎25 neurons were measured. D, Hippocampal neurons were transfected with CREB siRNA at 3 DIV and
treated with A␤25–35 and LLLT at 4 DIV. Representative immunofluorescent images with MAP2 antibody are shown at 5 DIV. Scale bar, 10 m. All the data in these figures are presented as mean ⫾
SEM four individual experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.

major kinase phosphorylating CREB under LLLT-treatment in
A␤-treated hippocampal neurons. We blocked the activity of
ERK and PKA by using, respectively, PD98059 and H89. As
shown in Figure 4B, LLLT-induced phosphorylation of CREB
was markedly attenuated by PD98059, but not by H89, suggesting
that MEK/ERK signaling is obligatory for LLLT-stimulated phosphorylation of CREB in A␤-treated hippocampal neurons.
Western blot was performed to test the effect of ERK activation on the expression of BDNF in response to LLLT in A␤25–35-

treated primary neurons. As shown in Figure 4C, an increase in
p-ERK (activated ERK) and p-CREB (activated CREB), as well as
the expression of BDNF, was seen in the samples after LLLT
treatment even in A␤25–35-treated group. Inhibition of ERK by
PD98059 before LLLT resulted in decreased phosphorylation of
CREB at Ser133 (Fig. 4C) and blocked CREB binding to a BDNF
promoter (Fig. 3F ). Meanwhile, the phosphorylation of ERK
in the nucleus was also showing a progressive level after LLLT
(Fig. 4D).
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LLLT-induced Ras/ERK activation depending on the calcium
release from intracellular stores
Ras activation is the first step in activation of the mitogenactivated protein kinase (MAPK) cascade. It has been reported
that Ras was activated by LLLT for the formation of LLLTinduced circular ruffles (Gao et al., 2009). To examine the requirement of Ras for LLLT-induced ERK activation, we
measured Ras kinase activity. As shown in Figure 4E, LLLT significantly increased Ras kinase activity even in A␤-induced neurons. Inhibition of Ras by FTS attenuated LLLT-induced ERK
phosphorylation, indicating that LLLT-induced activation of
ERK is Ras dependent.
A rise in free intracellular calcium concentrations can initiate
the Ras/ERK cascade (Chao et al., 1992; Rosen et al., 1994). One
of the suggestions to the LLLT mechanical pathway is the contribution of intracellular calcium as a versatile second messenger
(Lavi et al., 2003; Lan et al., 2012). We next detected if intracellular calcium is involved in Ras/ERK cascade activation by LLLT
in A␤-treated neurons. To examine if Ras activation was dependent on calcium influx from extracellular medium, neurons were
incubated for 5 min before LLLT treatment in calcium-free medium. As shown in Figure 4F, there was no significant effect on
LLLT-induced Ras activation in extracellular calcium-free medium. However, after cells preincubated with inositol triphosphate (IP3) receptor inhibitor, xestospongin B, marked
inhibition of LLLT-induced Ras activation was observed. These results indicated that LLLT-triggered calcium release from intracellular stores mediated photoactivation of Ras/ERK cascades.
ERK/CREB activation is necessary for LLLT to increase
dendrite growth in A␤25–35-treated hippocampal neurons
We next detected if BDNF upregulation by LLLT via ERK/CREB
pathway regulates dendrite patterning in A␤-treated neurons. As
shown in Figure 5A, LLLT stimulation promoted dendrite
growth of A␤25–35-treated hippocampal neurons. However, the
primary dendrite number and average dendrite length per
neuron were significantly decreased by inhibition of ERK (Fig.
5A–C). Furthermore, knocking down of CREB inhibited LLLTinduced dendrite growth (Fig. 5D–F ). These data support the
idea that LLLT activates ERK/CREB pathway to increase the expression of BDNF and, as a result, dendrite growth.
The small G-protein Rac1 activation is involved in LLLTstimulated dendritic growth
In neurons, Rac1 is involved in the regulation of dendrite morphogenesis; we were interested in delineating if Rac1 activity contribute to LLLT-stimulated dendritic growth in A␤-treated
hippocampal neurons. Cell lysates were then examined for the
amount of activated, GTP-bound Rac1, using a pull-down assay
performed with the p21-binding domain of Pak (Pak-PBD).
Treatment of cultured hippocampal neurons with A␤25–35 decreased Rac1 activity (Fig. 6 A, B). In contrast to the inhibition of
Rac1 activity in A␤25–35-treated neurons, LLLT stimulation resulted in an increased amount of GTP-bound Rac1 (Fig. 6 A, B).
Dendritic spine loss in neurons derived from APP/PS1
transgenic mice is rescued by LLLT
It is reported that BDNF could induce elongation of dendritic
spines and formation of new ones in neurons within 60 min
(Adasme et al., 2011). To examine if upregulating of BDNF by
LLLT could regulate the dendritic spine morphology, we therefore visualized spines using phalloidin staining in hippocampal
neurons derived from E14 APP/PS1 transgenic mice on 14 DIV,
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Figure 6. Dendritic cytoskeletal protein contributes to LLLT-promoted dendrite growth. A,
LLLT induced Rac1 activity in A␤25–35-treated hippocampal neurons, as indicated by an increase in GTP-bound Rac1. B, Quantitative analysis of the levels of GTP-bound Rac1 after different treatments. All the data in these figures are presented as mean ⫾ SEM four individual
experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.

which produced high levels of human A␤40 and A␤42 (Wu et al.,
2010). Neurons treated with LLLT showed a higher density of
spine-like protrusion (Fig. 7 A, B).
The PSD-95 scaffolding protein has been identified as marker
for synaptic strength (El-Husseini et al., 2000). In visual cortical
neurons, BDNF can increase the overall amount of PSD-95 in
dendrites within 60 min (Yoshii and Constantine-Paton, 2007).
Thus, we next detected if LLLT could increase the amount of
PSD-95 in hippocampal neurons treated with A␤25–35. As shown
in Figure 7, C and D, irradiation with LLLT increased PSD-95
synthesis even in A␤25–35-treated neurons. These results indicate
that LLLT markedly rescues the dendritic spine loss in A␤-treated
neurons.

Discussion
APP and its catabolite, A␤, play critical roles in the etiology of AD
(Selkoe and Schenk, 2003). In addition to neuronal death, numerous changes in dendritic architecture have been observed,
including decrease of dendrite length and branching and loss of
spines in transgenic mice overexpressing APP and in brains of
persons dying of AD (Einstein et al., 1994; Masliah et al., 2001).
The dendritic atrophy correlates well with the decrease of neurotrophins, such as BDNF (Hu and Russek, 2008; Zuccato and
Cattaneo, 2009). In the present study, we found a regulatory role
of LLLT for neuroprotection and dendritic morphogenesis. We
demonstrated the ability of LLLT to rescue A␤-induced dendritic
atrophy and neuronal death. In A␤-treated neurons, LLLT attenuated the decrease of both BDNF mRNA and protein levels and
p-CREB, a transcriptional regulator of BDNF. Additionally, dendrite growth was improved after LLLT treatment, characterized
by upregulation of PSD-95 expression, Rac1 activity, and the
increase in length, branching, and spine density of dendrites
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in hippocampal neurons. Moreover, we
found that LLLT upregulated expression
of BDNF by an ERK/CREB pathway. Understanding the mechanism and function
significance of LLLT-induced neuroprotection and dendrite growth may lead to
new neurotherapies.
LLLT is a nonthermal irradiation using
light in visible to near infrared range,
which has been used clinically to accelerate wound healing and reduce pain and
inflammation in a variety of pathologies
(Schindl et al., 1999; Khuman et al., 2012).
Transcranial LLLT has shown good effects
on treatment of stroke, traumatic brain
injury, and neurodegenerative disease
(Naeser and Hamblin, 2011). Moreover,
LLLT could reduce amyloid plaques and
attenuate behavioral deficits in APP transgenic mice (De Taboada et al., 2011). Although in the preclinical and clinical
studies the 810 nm light was often used for
nerve repairs (Naeser and Hamblin,
2011), the effects of laser irradiation with
different wavelengths on dendrite growth
remain unclear. Studies had shown that
the 633 nm laser had advantages over
other wavelengths in treating neurological
diseases (Anders et al., 1993; Rojas et al., Figure 7. LLLT rescues dendritic spine loss in neurons derived from APP/PS1 transgenic mice. A, Representative photomicrographs of
2008). We found that compared with 810 FITC-phalloidinlabelinginhippocampalneuronsderivedfromAPP/PS1miceon14DIVunderthetreatmentwithorwithoutLLLT.Scalebar,
nm laser treatment, irradiation with 633 10 m.B,Quantificationofspinedensityunderindicatedtreatments.Foreachgroup,wemeasured⬎25dendritesfrom13to15neurons.
nm light induced higher BDNF expres- C, Representative Western blot analysis was performed to detect the levels of PSD-95 in A␤25–35 and/or LLLT-treated hippocampal
sion (data not shown). Previous studies neurons. D, Quantitative analysis of the levels of PSD-95 after indicated treatments. All the data in these figures are presented as mean ⫾
from this lab, and others, have shown that SEM four individual experiments. *p ⬍ 0.05 versus control group; #p ⬍ 0.05 versus indicated group.
cell death induced by A␤25–35 is signifiLLLT may be capable of enhancing the generation of BDNF via
cantly diminished with 633 nm LLLT (Yang et al., 2010; Liang et
CREB-mediated gene expression in A␤-treated hippocampal
al., 2012; Zhang et al., 2012). In this study, after confirming the
neurons. Our results support this hypothesis, since pharmacoprosurvival effect of 633 nm LLLT on A␤25–35-treated primary
logical inhibition of transcription process and knockdown of
hippocampal neurons in a dose–response manner (Fig. 1), we
CREB blocked LLLT-mediated increases in BDNF expression
found similar effect of LLLT on A␤1– 42-treated hippocampal
(Fig. 3 A, B).
neurons as well (Fig. 1C, F, G). The dose of 2 J/cm 2 was highly
CREB plays a key role in mediating dendritic development in
effective at preventing the A␤-induced neuronal death and
response to neuronal activity (Lonze and Ginty, 2002). OligoBDNF deficits (Figs. 1, 2). We have further found that, for the first
meric A␤ decreases specifically p-CREB and the BDNF transcript
time to our knowledge, LLLT significantly rescued the dendritic
in neurons (Tong et al., 2004; Garzon and Fahnestock, 2007). The
atrophy in A␤-treated neurons (Figs. 1, 7). Therefore, LLLT using
BDNF exon III CRE site is the main target bound by CREB (Ou
the 633 nm laser may have high clinical relevance.
and Gean, 2007). We validated that LLLT markedly increases the
BDNF is an attractive candidate for molecular signals that
p-CREB level and enhances DNA-binding activity of CREB to
regulate neuronal survival and dendritic growth both in vivo and
BDNF promoter even under A␤ treatment in both SH-SY5Y cells
in vitro (Connor and Dragunow, 1998; Murer et al., 2001).
and primary hippocampal neurons (Fig. 3D–F ). Although CREB
Marked reduction in the levels of BDNF has occurred in AD
can be phosphorylated by PKC, cAMP/PKA, and MAPK (Gonpatients (Hu and Russek, 2008; Zuccato and Cattaneo, 2009) and
zalez and Montminy, 1989; Xing et al., 1998; Shaywitz and Greenin APP transgenic mice, such as APP NLh and TgCRND8 mice
berg, 1999), we found, in the present study, that the inhibition of
(Peng et al., 2009; Francis et al., 2012). The decrease in BDNF
ERK activity suppressed phosphorylation of CREB induced by
expression was observed both in A␤-treated hippocampal neuLLLT in A␤-treated hippocampal neurons (Fig. 4).
rons and for the first time in APP/PS1 transgenic mice hippocamMAPK pathways are evolutionarily conserved signaling modpal tissue (Fig. 2 A, B). Learning and memory deficits exhibited by
ules by which cells transduce extracellular signals into intracellutransgenic mouse models of AD can be rescued by BDNF delivery
lar responses (Samuels et al., 2009). Once activated, ERK partly
(Nagahara et al., 2009). CREB-dependent transcription upregutranslocates from cytoplasm to nucleus (Feng et al., 2012) and
lation of BDNF produced neuroprotective signals promoting cell
phosphorylates CREB (Xing et al., 1998; Bonni et al., 1999). It has
survival (Fang et al., 2003; Ou and Gean, 2007). Recently, it has
been reported that A␤ oligomer decreases active ERK and subsebeen reported that LLLT promotes human Schwann cell prolifquently active CREB in neuroblastoma cells and in primary neueration via regulating neurotrophic factor gene expression
rons (Ma et al., 2007). We found that LLLT triggered significant
(Yazdani et al., 2012). These data lead to a new hypothesis that
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activation and nuclear translocation of ERK (Fig. 4C,D). In addition, CREB activated by LLLT was ERK-dependent. LLLTmediated ERK/CREB activation could significantly increase
BDNF expression (Fig. 4C).
How could LLLT activate MEK/ERK signaling pathway? The
best characterized upstream of MEK/ERK cascade is the small
GTPase, Ras (Marshall, 1996). Activated Ras promotes movement of the protein serine/threonine kinase Raf-1 to the plasma
membrane where it phosphorylates another protein kinase,
MEK, which in turn activates ERKs (Vojtek et al., 1993; Warne et
al., 1993). We have previously observed that Ras was activated by
LLLT for the formation of circular ruffles (Gao et al., 2009). LLLT
induces cell proliferation via Ras/Raf/ERK signaling transduction
pathways (Shefer et al., 2003). In this study, we confirmed that
LLLT could activate Ras even in A␤25–35-treated hippocampal
neurons (Fig. 4E). Additionally, LLLT-induced activation of ERK
was Ras dependent (Fig. 4E).
One of the suggestions to the LLLT-induced biologic effects is the contribution of intracellular calcium as a signaling
molecule. Absorption of photons by intracellular photoacceptors, such as cytochrome oxidase, leads to electronically
excited states and consequently can lead to acceleration of
electron transfer reactions (Yu et al., 1997; Pastore et al.,
2000). More electron transport necessarily leads to increased
production of ATP (Mochizuki-Oda et al., 2002; Karu, 2010),
which activates P2 receptors to induce inward calcium currents and release of calcium from intracellular stores (Salter
and Hicks, 1995). Increase in calcium concentration has been
shown to modulate the Ras-dependent activation of MEK/
ERK cascades (Chao et al., 1992; Rosen et al., 1994). We found
that LLLT-induced Ras/ERK activation was slightly inhibited
in Ca 2⫹-free medium (Fig. 4F ). However, LLLT-induced Ras
activation was significantly blocked by xestospongin B (Fig.
4F ). These results indicate that LLLT-induced Ras/ERK activation dependent on the calcium release from intracellular
stores.
Activation of ERK/CREB/BDNF was found to be sufficient to
increase the total dendritic length and branch point number of
neurons (Finsterwald et al., 2010). A␤-induced dendritic atrophy
was rescued by LLLT in the present study (Fig. 1). We further
identified the cellular mechanisms underlying this phenomenon by showing that activation of ERK/CREB is necessary to
mediate the effects of LLLT on dendritic growth. Indeed, inhibition of ERK or knockdown CREB prevented the increased
dendritic growth by LLLT in A␤25–35-treated hippocampal
neurons (Fig. 5).
Dendrite number and branching are regulated by the interplay between extrinsic factors and intrinsic factors. The external
factors including neurotrophins (Katz and Shatz, 1996), estrogen
(Sakamoto et al., 2003), and electrical activity (Vaillant et al.,
2002). Intrinsic factors are the small GTPases Rho A, Rac1, and
Cdc42 (Li et al., 2000), and PSD-95 (Yoshii and ConstantinePaton, 2007). To address if cytoskeleton changes were involved in
LLLT-mediated dendrite growth, we investigated the Rac1 activation after LLLT. The activity of Rac1 was markedly enhanced
after LLLT even in A␤25–35-treated neurons (Fig. 6 A, B). In mature visual cortical neurons, BDNF can increase the overall
amount of the PSD-95 scaffolding protein to promote synaptic
maturation (Yoshii and Constantine-Paton, 2007). We found
that LLLT induced dendritic spine growth in APP/PS1 transgenic
mice hippocampal neurons at 14 DIV (Fig. 7 A, B). The expression of PSD-95 was also increased (Fig. 7C,D).
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Together, the current investigation demonstrates that LLLT
can inhibit A␤-induced neurotoxicity and rescue dendrite atrophy through activation of the ERK/CREB/BDNF pathway. Although cultured mouse neurons and their treatment with A␤
may not truly resemble neurons in the brain of patients, our
results suggest that upregulating BDNF may be an important step
for the attenuation of dendritic atrophy by LLLT. Better understanding of the regulation mechanism of photobiomodulation
may provide a therapeutic strategy to control the progression
of AD.
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