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Introduction
The present treatment of hypoxic-ischemic brain damage 
includes supportive therapy, nutritional drugs, hypothermia, 
and hyperbaric oxygen therapy[1-8]. However, these treat-
ments are limited in effectiveness with poor prognosis[9]. 
Therefore, it is very important to develop and modify new 
treatment measures.

As stem cell technology develops, stem cell transplantation 
is recognized as a novel way for treating hypoxic-ischemic 
brain damage and it has been confirmed to significantly 
improve motor behavior and reduce lesion area in animal 
experiments[10-11]. Preliminary clinical trials showed that 

muscular tension and cognitive development of neonatal 
children with severe hypoxic-ischemic brain damage were 
greatly promoted after 28-day injection of neural stem cells 
via ventricular puncture[12]. Bone marrow mesenchymal 
stem cells are characterized by their multi-differentiation 
potential, ease in harvesting, low immunogenicity, high am-
plification potential, and few ethical limitations[13-15]. These 
advantages allow their widespread application in the field of 
stroke, spinal cord injury and other hypoxic ischemic neuro-
logical disorders. It was reported that bone marrow mesen-
chymal stem cell transplantation improved nervous system 
damage and promoted neurological functional recovery in 
the treatment of hypoxic ischemic nervous system diseas-
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es[16], and was also effective for hypoxic-ischemic brain dam-
age[17-20]. However, a series of previous studies suggested that 
the neuronal differentiation rate of bone marrow mesenchy-
mal stem cells during the in vitro culture reached 78–92%, 
but their in vivo transplantation efficiency, and survival and 
differentiation rates were very low (1–17%)[21-22]. The low 
levels of bone marrow mesenchymal stem cell transplanta-
tion, survival, colonization and differentiation efficacy great-
ly restrict their therapeutic effect. An accumulating number 
of studies have investigated the contribution of bone marrow 
mesenchymal stem cell transplantation on the promotion of 
neurological function after hypoxic-ischemic brain damage, 
but their outcomes have been unsatisfactory[23-26]. Apoptosis 
is the key mediator of bone marrow mesenchymal stem cell 
migration, colonization and survival after transplantation.

The biomedical application of red or near-infrared light 
from 600–1,000 nm has attracted great concern in recent 
years[27-30]. Red or near-infrared light has been shown to 
promote keratinocyte migration[31] and inhibit apoptosis in 
PC12 cells[32]. The intrinsic mechanism is explained by the 
fact that light energy stimulates mitochondrial cytochrome 
activity, promotes reactive oxygen species production and 
ATP synthesis, and improves mitochondrial function, thus 
increasing cellular viability[28, 33-34]. Although biological 
modulation of red or near-infrared energy increases bone 
marrow mesenchymal stem cell migration, colonization and 
survival, the combined therapy of red or near-infrared light 
with stem cells has been rarely studied, and whether photo-
therapy can promote the role of bone marrow mesenchymal 
stem cell transplantation in the treatment of hypoxic-isch-
emic brain damage remains unclear. Therefore, this study 
aims to observe the effect of 660 nm red light-emitting diode 
and bone marrow mesenchymal stem cell transplantation 
on neurological functional recovery after hypoxic-ischemic 
brain damage.

Results
Red light irradiation promoted bone marrow 
mesenchymal stem cell migration toward primary neurons 
after oxygen-glucose deprivation
After 3 hours of culture, green fluorescence-labeled GFP-
bone marrow mesenchymal stem cells were visible in Tran-
swell chambers and the number of migrated cells gradually 
increased as culture time proceeded (20 hours later). There 
were more migrating cells in the irradiation group after 
high-power red light-emitting diode irradiation than in the 
control group (P < 0.05), indicating that red light irradiation 
significantly promoted bone marrow mesenchymal stem cell 
migration and colonization to primary neurons following 
oxygen-glucose deprivation (Figure 1). 

Quantitative analysis of experimental animals
Eighty rats were randomly divided into four groups: normal 
control, model, bone marrow mesenchymal stem cell trans-
plantation, and phototherapy + bone marrow mesenchymal 
stem cell transplantation. Hypoxic-ischemic brain damage 
was produced in rats from all but the normal control group. 
After the injury model was established, rats in the bone mar-
row mesenchymal stem cell transplantation and photother-

apy + bone marrow mesenchymal stem cell transplantation 
groups were injected with bone marrow mesenchymal stem 
cells and/or given red light irradiation for 7 days. The success 
rate of the hypoxic-ischemic brain damage model was 90%, 
and the failed models and mortalities were excluded and 
supplemented. 

Red light irradiation combined with bone marrow 
mesenchymal stem cell transplantation improved the 
learning ability of hypoxic-ischemic brain damaged rats
In the shuttle box test, rats in the normal control and pho-
totherapy + bone marrow mesenchymal stem cell trans-
plantation groups responded quickly to stimuli; while rats 
in the bone marrow mesenchymal stem cell transplantation 
and model groups had slow or no reactions. After treatment 
with red light irradiation for 1–5 days, the active avoidance 
response rate of hypoxic-ischemic brain damaged rats in the 
bone marrow mesenchymal stem cell transplantation group 
was significantly increased compared with the model group, 
and the increment was more apparent in the phototherapy + 
bone marrow mesenchymal stem cell transplantation group 
(P < 0.05). The non-avoidance response rate was significantly 
decreased compared with the model and bone marrow mes-
enchymal stem cell transplantation groups (P < 0.05). At days 
1–4, the active avoidance response rate in the phototherapy 
+ bone marrow mesenchymal stem cell transplantation 
group was lower than the normal control group (P < 0.05), 
but the percentage was gradually increased and became the 
same at day 5 between the phototherapy + bone marrow 
mesenchymal stem cell transplantation and normal control 
groups (Table 1). This illustrates that red light irradiation 
further promoted the restoration of learning and memory 
ability in rats after bone marrow mesenchymal stem cell 
transplantation.

Discussion
Increasing studies have investigated the biological effects of 
red or near-infrared light at 600–1,000 nm[35-37]. This study 
was designed to explore the effect of red light energy on 
bone marrow mesenchymal stem cell migration and the 
treatment of hypoxic-ischemic brain damage. Transwell 
migration assays showed that 660 nm red light irradiation 
significantly enhanced the migration ability of bone mar-
row mesenchymal stem cells. Shuttle box test revealed that 
learning and memory ability was significantly improved in 
hypoxic-ischemic brain damaged rats. Experimental findings 
indicate that 660 nm red light irradiation enhanced the mi-
gration ability of bone marrow mesenchymal stem cells and 
promoted their therapeutic effect in hypoxic-ischemic brain 
damage.

Irradiation with a red light-emitting diode can effect the 
physiological characteristics of cells by the photobiomod-
ulation effects of light energy[27]. Although the underlying 
mechanism remains elusive, accumulating evidence has re-
vealed that light stimulates mitochondrial cytochrome C ox-
idase[27]. This light-accepting molecule is extremely sensitive 
to red or near-infrared light, and cytochrome C oxidase is a 
terminal transferase enzyme in the cell respiratory chain that 
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is located on the inner mitochondrial membrane, where it is 
directly involved in ATP synthesis and energy metabolism[34], 
thus enhancing cell metabolism[28]. A study from Univer-

sity of Wisconsin found that stimulation with a 670 nm 
light-emitting diode red light regulated energy metabolism 
and accordingly enhanced nerve cell viability[37]. It also in-

Active avoidance response rate is the percentage of active avoidance times to electrical stimulation times. Non-avoidance response rate is the 
percentage of non-avoidance times to electrical stimulation times. Data are expressed as mean ± SD. Differences between groups were compared 
using one-way analysis of variance, and pairwise comparisons were performed using Student-Newman-Keuls test. aP < 0.05, bP < 0.01, vs. normal 
control (NC) group; cP <0.05, vs. model group and BMSC transplantation group. BMSC: Bone marrow mesenchymal stem cell.

Figure 1 Effect of red light irradiation on bone marrow mesenchymal stem cells (BMSCs) migrating towards primary neurons after 
oxygen-glucose deprivation (OGD).
(A–J) Green fluorescent protein (GFP)-labeled BMSCs in OGD control and phototherapy + BMSC groups at different culture times (fluorescence 
microscope, × 200). After 3 hours of culture, GFP-labeled BMSCs were visible in Transwell chambers and the number of migrated cells gradually in-
creased as culture time proceeded. (A–E) 3-, 15-, 20-, 28-, 40-hour OGD control groups. (F–J) Phototherapy + 3-, 15-, 20-, 28-, 40-hour OGD groups. 
(K) Changes of the number of GFP-labeled BMSCs in OGD control and phototherapy + OGD groups at different culture times; h: hours. Data are 
expressed as mean ± SD. Differences between groups were compared using one-way analysis of variance, and pairwise comparisons were performed 
using Student-Newman-Keuls test. aP < 0.05, vs. control group. GFP gene transfection enables labeling of rat BMSCs with green fluorescence.
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Table 1 Active avoidance response rate and non-avoidance response rate of rats in shuttle box test

Active avoidance response rate Non-avoidance response rate

Group Day 1 Day 2 Day 3 Day 4 Day 5 Day 1 Day 2 Day 3 Day 4 Day 5

NC 42.0±4.5 56.0±5.2    57.0±5.5 62.0±6.1 68.0±5.0 14.0±1.3 5.6±1.4 1.1±1.2 1.1±2.3 1.1±2.7

Model 22.0±4.3a 38.0±5.1a 40.0±4.8a 40.0±4.2a 47.0±5.3a 25.0±1.2b 15.0±1.7b 10.0±1.5b  6.7±1.8b 5.0±2.2b

BMSC 38.0±6.1a 49.0±6.1a 51.0±5.8a 55.0±5.9a 61.0±6.8a 13.0±2.1b 8.6±1.8b 5.7±2.3b 4.3±1.9b 2.9±2.8b

Photon+BMSC 38.0±5.7ac 51.0±5.6ac 54.0±6.3ac 58.0±7.0ac 68.0±7.4c  13.0±1.1 8.3±1.3b 5.0±1.5bc 3.3±2.1bc 1.7±2.5bc   
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creased cytochrome C oxidase levels in normal neurons, thus 
promoting energy metabolism in visual cortex neurons[38]. In 
this study, under 660 nm red light irradiation, bone marrow 
mesenchymal stem cell migration ability began to increase at 
3 hours and the ability was higher than the normal control 
group. Furthermore, the number of bone marrow mesen-
chymal stem cells penetrating Transwell membranes was 
significantly increased at 20 hours, which was also higher 
than the normal control group. We speculate that red light 
irradiation promoted bone marrow mesenchymal stem cell 
migration, which key for bone marrow mesenchymal stem 
cell transplantation in the treatment of hypoxic-ischemic 
brain damage. Hou et al.[39] observed bone marrow mesen-
chymal stem cell proliferation was significantly promoted 
after light-emitting diode red light irradiation at 635 nm, 
60 mW/cm2. Therefore, we tentatively hypothesize that red 
light energy irradiation helps bone marrow mesenchymal 
stem cell migration and proliferation, inhibits bone marrow 
mesenchymal stem cell apoptosis, which contributes to bone 
marrow mesenchymal stem cell migration to targeted tissue.

Spatial learning and memory dysfunction is an important 
symptom of hypoxic-ischemic brain damage[2, 40-42]. Shuttle 
box test[17, 43] results revealed that bone marrow mesenchy-
mal stem cell transplantation significantly improved learning 
and memory ability in hypoxic-ischemic brain damaged rats. 
The results of this study showed that the active avoidance 
response rate in rats after 660 nm red light irradiation was 
significantly higher than the model group. This evidence 
suggests that the spatial learning and memory ability of hy-
poxic-ischemic brain damaged rats after red light irradiation 
and bone marrow mesenchymal stem cell transplantation 
was significantly improved compared with the control 
group. Meanwhile, the improvement was observed soon 
after phototherapy and the active avoidance response rate 
increased sharply as the treatment proceeded. Although the 
biological mechanism was not studied in this study, animal 
behaviors indicated that light-emitting diode red light irra-
diation helps accelerate neurological functional restoration 
in hypoxic-ischemic brain damaged rats after bone marrow 
mesenchymal stem cell transplantation. Based on Transwell 
assay results, we speculate that 660 nm red light energy can 
be absorbed by bone marrow mesenchymal stem cell mito-
chondria, thus promoting bone marrow mesenchymal stem 
cell viability, directional migration and proliferation ability, 
enhancing bone marrow mesenchymal stem cell coloniza-
tion and reducing cell apoptosis, thereby inhibiting neuronal 
apoptosis after hypoxic-ischemic brain damage and signifi-
cantly improving learning and memory ability.

Although bone marrow mesenchymal stem cells have been 
confirmed to be effective in the treatment of hypoxic-ischemic 
brain damage in animal experiments and case reports[18-19]. 
However, low differentiation, colonization and survival rate 
in vivo restrict their therapeutic effect[22, 44]. A series of factors 
are strongly linked with the improvement of the bone marrow 
mesenchymal stem cell environment, such as brain-derived 
neurotrophic factor, glial-derived neurotrophic factor, fibro-
blast growth factor, epidermal growth factor, and neurotroph-

in-3[39, 45-47]. Appropriate vitamin A levels are also a mediator 
of bone marrow mesenchymal stem cell transplantation in 
treatment of hypoxic-ischemic brain damage[48]. It has been 
reported that near-infrared light energy enhances nerve cell 
viability[37] and bone marrow mesenchymal stem cell prolif-
eration[39], so we suggested the combination of near-infrared 
light irradiation with bone marrow mesenchymal stem cells 
for treating hypoxic-ischemic brain damage. Preliminary 
experimental results suggest that 660 nm red light-emitting 
diode irradiation promoted bone marrow mesenchymal stem 
cell migration and restoration of spatial learning and memory 
ability in hypoxic-ischemic brain damaged rats. This provides 
a new technique of red light energy for bone marrow mesen-
chymal stem cell transplantation treatment of hypoxic-isch-
emic brain damage. The exact mechanism by which red light 
irradiation promotes bone marrow mesenchymal stem cell 
colonization and inhibits apoptosis following hypoxic-isch-
emic brain damage deserves further investigations, in partic-
ular the biological expression of molecules in the process of 
red light energy and anti-apoptotic effects of bone marrow 
mesenchymal stem cells has rarely been studied.
 

Materials and Methods
Design
An in vitro comparative observation and randomized con-
trolled animal experiment concerning cell biology.

Time and setting
Experiments were performed at the Animal Laboratory, 
Children’s Hospital of Chongqing, China from December 
2010 to March 2011. 

Materials
Animals
(1) Twelve Sprague-Dawley rats, of clean grade, aged              
3 months, weighing 230–250 g, four males and eight females, 
were provided by Animal Center, Daping Hospital, the Third 
Military Medical University in China (license No. SCXK (Yu) 
2007-0005). All rats were housed in the Animal Center of 
Children’s Hospital of Chongqing, China (specific pathogen 
free level, 21–23°C, 55 ± 5% humidity). Male and female rats 
were randomly mated in the same cage, leaving 9–11 neo-
natal rats in each delivery. Eighty postnatal day 7 rats were 
randomly selected, irrespective of gender, weighing 10–12 g, 
for in vivo evaluation of rat behavior. (2) One Sprague-Daw-
ley rat, of clean grade, aged 4–8 weeks, weighing 100–300 g, 
was provided by the Animal Center, Daping Hospital, the 
Third Military Medical University, China for the extraction 
of bone marrow mesenchymal stem cells. (3) One postnatal 
day 1 Sprague-Dawley rat was used to obtain primary neu-
rons. All experimental disposals of animals were in strict ac-
cordance with the Guidance Suggestions for the Care and Use 
of Laboratory Animals, issued by the Ministry of Science and 
Technology of China[49].

Instruments
A red photon instrument was developed by the staff at 
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Chongqing University, China. It was composed of a mi-
cro-controller, current driver module, and high-power     
660 nm light-emitting diode red lights (XL001WP01NRC, 
Hiran Optical Company, Shenzhen, Guangdong Province, 
China). STC89C52 Micro Control Unit was used for re-
al-time control and to regulate light brightness, enabling re-
al-time adjustment of light output power density. The range 
of output power density was 0–100 mW/cm2.

Methods
Harvesting primary neurons
Newborn Sprague-Dawley rats within 24 hours after birth 
were killed by decapitation, and the hippocampus and cor-
tex tissue were isolated on ice[50]. Brain tissue was digested 
with TryPle (Gibco, Carlsbad, CA, USA) at 200 r/min to 
obtain a clear suspension. The suspension was centrifuged 
at 1,000 r/min for 5 minutes to obtain precipitates. The 
cells were cultured and suspended with Neurobasal + B27 
mixed medium (Gibco, Carlsbad, CA, USA) and seeded onto 
polylysine (Sigma, Ronkonkoma, NY, USA)-coated 6-well 
plates. Half of the culture medium was changed after 1 day 
and completely replenished 2 days later, then changed every 
3 days until day 8. The cultured cells were determined as 
the neurons, and not glia, upon the appearance of positive 
neuron-specific enolase and negative glial fibrillary acidic 
protein expression[50].

Establishing oxygen-glucose deprivation models
As previously reported[51], primary neurons were cultured 
with non-glucose balanced salt solution (11.6 mmol/L NaCl, 
5.4 mmol/L KCl, 0.8 mmol/L MgSO4, 10 mmol/L NaH2PO4, 
26.2 mmol/L NaHCO3, 1.8 mmol/L CaCl2 and 10 mg/L 
phenol red, pH 7.4) for 2 hours to simulate ischemia. Then, 
neurons were cultured with 95% N2 + 5% O2 gas in a Tri-
Gas incubator (Thermo Corporation, Shanghai, China) for 
2 hours, to simulate hypoxia.

Bone marrow mesenchymal stem cell isolation and culture
Bone marrow mesenchymal stem cells were isolated and 
cultured according to previous studies[52]. In brief, after 
rats were killed under anesthesia, the femur and tibia were 
separated under sterile conditions, and the medullary canal 
was rinsed with DMEM/F12 medium and centrifuged. Sub-
sequently, the fat and supernatant were discarded, and the 
resultant cell suspension at a density of 3 × 106/mL was in-
cubated in a 50 mL culture flask with DMEM/F12 medium 
containing 10% fetal bovine serum. The flask was placed in a 
CO2 incubator (Thermo Corporation) with 5% CO2 at 80% 
humidity and 37°C for 48 hours. After culture medium was 
changed, non-adherent cells were removed, and the medium 
was changed every 2–3 days. When the cultured cells reached 
80% confluence, cells were digested with 0.25% trypsin and 
subcultured for 4–6 generations. Prior to the experiment, the 
rat bone marrow mesenchymal stem cells were transfected 
with a GFP gene to label cells[53].

Bone marrow mesenchymal stem cell migration in vitro
Green fluorescence-labeled bone marrow mesenchymal stem 
cells were randomly divided into control and irradiation 

groups. The irradiation was performed using red light-emit-
ting diodes at 660 nm and 60 mW/cm2 (Figure 2). In the 
cell incubator, light-emitting diode lights were placed close 
to the petri dish outer wall so that the light source irradi-
ated the bone marrow mesenchymal stem cells within the 
incubator. Bone marrow mesenchymal stem cell migration 
and colonization on primary neurons after oxygen-glucose 
deprivation were tested by Transwell migration assay[54]. 
Briefly, the 6-well culture plates were covered with neurons 
after oxygen-glucose deprivation, then a Transwell petri dish 
(PIHT30R48, Millipore, Billerica, MA, USA) was placed 
into the 6-well plate. GFP-bone marrow mesenchymal stem 
cells were incubated in the Transwell petri dish (transparent 
membrane pore size was 0.4 μm). Six visual fields (200 × 
magnification) were randomly selected at 3, 15, 20, 28, and 
40 hours to count the number of green fluorescently-labeled 
bone marrow mesenchymal stem cells.

Establishing hypoxic-ischemic brain damage model
Newborn Sprague-Dawley rats at 7 days after birth were 
used to establish the hypoxic-ischemic brain damage models 
according to the Rice method[55-56] with minor modifications. 
In brief, a median incision was made on the neck, subcuta-
neous fat was separated, and the left common carotid artery 
was isolated from the deep sternocleidomastoid muscle and 
ligated for 30 minutes using 4-0 sutures, producing ischemia. 
Then, rats were placed in an anoxic box for 2.5 hours, which 
was filled with 8% O2 + 92% N2, 3 L/min, to produce hy-
poxia. The normal control group was only subjected to neck 
skin incision and suture. After the damage was successfully 
produced, newborn rats were returned to the cage for mater-
nal feeding. The success of hypoxic-ischemic brain damage 
models is defined upon the appearance of arterial transec-
tion scars and brain tissue atrophy by histological findings.

Bone marrow mesenchymal stem cell transplantation and 
phototherapy
After hypoxic-ischemic brain damage models were established 
for 24 hours, rats in the bone marrow mesenchymal stem 
cell transplantation group and phototherapy + bone marrow 
mesenchymal stem cell transplantation group were given in-
traperitoneal injection of 100 μL D-hanks solution containing 
1 × 106 bone marrow mesenchymal stem cells. While rats in 
model group were treated with intraperitoneal PBS. In the 
phototherapy + bone marrow mesenchymal stem cell trans-

Figure 2 Diagram of bone marrow mesenchymal stem cells migration 
in vitro. 
LED: Light-emitting diode.

660 nm LED

Transwell Petri dish

Controller
＆

Constant Current Driver 
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plantation group, rats received irradiation under red light- 
emitting diodes at 660 nm and 60 mW/cm2 immediately after 
bone marrow mesenchymal stem cell transplantation, for 30 
minutes per day. Rats in the supine position were fixed in a 
foil tank, light-emitting diode lights penetrated through the 
hole and directly irradiated the rat heads, but the rat body 
was blocked with opaque foil paper. Rats in other groups 
were fixed in the same way, but the light was turned off. Af-
ter the irradiation is complete, the rats were returned to the 
cage with their mother (Figure 3).

Shuttle box test of learning ability in rats
All rats were evaluated by shuttle box test after phototherapy 
was performed[46]. In brief, rats were placed in the shuttle 
box to adapt to the training for 3 minutes. After the light 
source was turned on, there was a buzzing sound, one side of 
the shuttle box bottom was energized, and the rat was stim-
ulated with light on the other side (passive avoidance). After 
the training was completed, when the rats heard the buzzing 
sound, they immediately gave a response, running from the 
energized region to the non-energized region, and this was 
recorded as active avoidance. If rats failed to reach non-ener-
gized regions, the result was recorded as non-avoidance. The 
times of active avoidance and non-avoidance responses of 20 
rats in each group were recorded. Active avoidance response 
rate is the percentage of active avoidance response times to 
total electrical stimuli times. Non-avoidance response rate 
is the percentage of non-avoidance response times to total 
electrical stimuli times. The percentages in 20 tests were cal-
culated to reflect the active learning ability.

Statistical analysis
Data are expressed as mean ± SD and analyzed using SAS 
8.1 software (SAS Institute Inc., Cary, NC, USA). Differenc-
es among groups were compared with one-way analysis of 
variance and pairwise comparisons were performed using 
Student-Newman-Keuls test. A P < 0.05 was considered sta-
tistically significant.
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