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Abstract 

Neonatal hypoxia-ischemia (HI) injury caused by oxygen deprivation is the most com-

mon cause of mortality and severe neurologic deficits in neonates. The present work 

evaluated the preventative effect of photobiomodulation (PBM) preconditioning, and 

its underlying mechanism of action on brain damage in a HI model in neonatal rats. 

According to the optimal time response of ATP levels in brain samples removed from 

normal rats, a PBM preconditioning regimen (808 nm CW laser, 1 cm2 spot, 100 

mW/cm2, 12 J/cm2) was delivered to the scalp 6 hours before HI. PBM preconditioning 

significantly attenuated cognitive impairment, volume shrinkage in the brain, neuron 

loss, dendritic and synaptic injury after HI. Further mechanistic investigation found that 

PBM preconditioning could restore HI-induced mitochondrial dynamics and inhibit 

mitochondrial fragmentation, followed by a robust suppression of cytochrome c re-

lease, and prevention of neuronal apoptosis by inhibition of caspase activation. Our 

work suggests that PBM preconditioning can attenuate HI-induced brain injury by 

maintaining mitochondrial dynamics and inhibiting the mitochondrial apoptotic path-

way.  
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Photobiomodulation preconditioning 

 

Introduction 

Hypoxic-ischemic brain injury, also known as neonatal hypoxic-ischemic encephalopa-

thy (HIE), is a type of brain damage that often occurs in human infants, caused by im-

paired cerebral blood flow and oxygen deprivation affecting the brain within the peri-

natal period 1, 2. It is one of the most serious birth complications with a relatively high 

incidence rate (~0.4%), high mortality (~20%), and a significant possibility of long-term 

neurological sequelae (~30%), including severe life-long motor and cognitive deficits3-6. 

It is known that the brain needs a significant amount of energy to support neuronal 

survival and function, which is dependent on the continuous supply of oxygen and glu-

cose via cerebral blood flow 7. Due to the deprivation of oxygen and glucose occurring 

within the brain, brain injury in HIE is usually characterized by delayed neuronal cell 

death in the cortex and the hippocampus 8. Neuronal cell death can cause several 

types of severe neurological dysfunction such as impairments in hearing, learning, be-

havioral disability, attention deficits, blindness, or even death 9-12.  

There is compelling evidence that the loss of neurons in HIE can lead to not only 

the impairment of motor function, but also to impairment in learning and memory dur-

ing adolescence 13, 14. A number of studies demonstrated that learning and memory 

deficits were closely related to the changes in dendrites and synaptic proteins 15-17. 

Proteins related to synaptic plasticity including microtubule-associated protein-2 (MAP-
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2) (dendritic marker), synaptophysin (presynaptic marker) and spinophilin (postsynaptic 

marker) all play a central role in cognitive impairment18, 19. Neonatal brain injured 

shows marked decreases in the expressions of synaptic proteins20, 21. For this reason, 

several methods focusing on maintaining the function of dendrites and inhibiting the 

decreased level of synaptic protein has been proven effective in improving learning and 

memory deficits16, 22-24.  

Mitochondria supply the energy demands of neurons, playing an essential role in 

powering various cellular activities, handling oxidative reactions, preserving the mem-

brane potential and maintenance of intracellular ionic homeostasis.  Many of these 

functions are mediated (at least in part) by morphological and metabolic changes in 

the mitochondria 10, 25-27. Studies have reported that the rapid depletion of ATP induced 

by HI insults was able to trigger detrimental pathophysiological responses 28-31. These 

pathophysiological responses and mitochondrial dysfunction will result in mitochondri-

al permeabilization triggering mitochondrial fission followed by the release of pro-

apoptotic proteins including the release of the key pro-apoptotic protein cytochrome c 

from the mitochondria into the cytosol32, 33. Therefore, mitochondria are an important 

target to identify new approaches for therapeutic intervention against HIE34-36. 

Photobiomodulation (PBM) also known as low-level laser (light) therapy (LLLT) has 

been well-documented to improve wound healing, alleviate inflammation, reduce oxi-

dative stress and relieve pain37-40. In the past several years, the neuroprotective role of 

PBM in Alzheimer's and Parkinson's diseases, traumatic brain injury, stroke, global cer-
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ebral ischemia and major depression has been well demonstrated 37, 39, 41-43, and mito-

chondria have been recognized as one critical mediator of PBM effects (or photorecep-

tor) 44-46. Our previous studies have shown that PBM conferred neuroprotective effects 

against �t-amyloid neurotoxicity by preserving mitochondrial function and suppressing 

inflammation and oxidative stress42. While many studies, including our own, have re-

vealed the beneficial role of PBM on a range of brain disorders, those studies were 

primarily concerned with the therapeutic effects of PBM, rather than the potential pre-

ventative function of delivering PBM before the occurrence of injury or disease. There-

fore, the present work was designed to examine the effect of PBM preconditioning on 

HIE and its underlying mechanism. 

 

Materials and Methods 

Hypoxic-ischemic animal model 

As described in our previous work47, 10-day-old neonatal Sprague-Dawley rats of both 

sexes were used to establish a HI animal model. The establishment of HIE model un-

dergoes a two-step process. The first step is the ligation of the right common carotid 

artery, which cannot significantly decrease the cerebral blood flow (CBF) due to the 

existence of circle of Willis. However, the second step in the process with a subsequent 

exposure to a hypoxic environment is capable to induce a significant CBF decrease and 

results in ischemic injury. In the present work, the right common carotid artery was li-

gated permanently following careful dissection. Rat pups were allowed to recover for 

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



 

1.5 hours in the home cage following the closure of the wound. Next, the animals were 

enclosed in a hypoxic environment (6% oxygen in nitrogen) at 37 �¥ for  2 hours.  All 

procedures received ethical approval by the IACUC of Augusta University under proto-

col #2014-0661. 

 

PBM treatment 

Laser irradiation was delivered for two minutes (CW, 808 nm, 100 mW/cm2, 12 J/cm2) 

onto the scalp. A 1 cm2 round spot was applied via fiber optic cable and multi-mode 

coupler (SMA connector; Imeter 400um multi model, Dragon Lasers) to the top of the 

head (collimated round spot centered at 3 mm posterior to the eye and 2 mm anterior 

to the ear (Fig. 1A) using a diode IR Laser System  (808 M100, Dragon Lasers). The de-

vice parameters have been reported in detail in our previous study 37. 

 

Experimental design 

In the present work, two types of experiments were designed to investigate the effects 

of PBM in the HI animal model. Experiment 1 was performed to determine the most 

suitable time interval between PBM treatment and initiation of the HI model, by evalu-

ating PBM effects on mitochondrial activity in the normal rat brain. Experiment 2 was 

designed to test the beneficial preconditioning effect of PBM in the HI animal model 

and the underlying mechanisms. 

Experiment 1: To determine the optimal preconditioning time point of PBM before 
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the HI insult, normal neonatal rats were randomly divided into 11 groups (Groups: 

PBM-0 sham, PBM-3, PBM-3 sham, PBM-5, PBM-5 sham, PBM-6, PBM-6 sham, PBM-8, 

PBM-8 sham, PBM-12, PBM-12 sham) according to the interval between PBM pre-

treatment and brain removal (brain collection procedures were conducted at 0, 3, 5, 6, 

8, 12 hours after the 2-minute PBM treatment). ATP levels were measured to reflect 

the effect of PBM on mitochondrial function at the different time (Fig. 1B).  

Experiment 2: After the optimal preconditioning time was confirmed, additional 

animals were randomly divided into 3 groups: (a) control group (animals without liga-

tion); (b) HI group (HI animal with sham PBM pretreatment); (c) PBM group (HI animal 

with PBM pretreatment). As shown in Fig. 1C, the HI model was initiated 6 hours after 

PBM pretreatment on postnatal day 10 (P10). From P26 to P29, Barnes Maze Task and 

Novel Object Recognition Test were performed. Brains were collected at P16 and P29, 

respectively. 

 

Brain Collection and Tissue Preparation 

Brain collection and tissue preparation were performed as indicated in our previous 

study37. ���Œ�]���G�Ç�U the animal brains were quickly removed half-frozen for protein analysis 

and half-fixed for tissue section immunohistochemistry under anesthesia following per-

fusion with ice-cold saline. Brains for tissue section were post-fixed and cryoprotected 

with 4% paraformaldehyde (PFA) and 30 % sucrose respectively. A Leica Rm2155 micro-

tome was used for cutting frozen sections (25 µm each). Brains for protein analysis 
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were homogenized using a motor-driven Teflon homogenizer in ice-cold homogeniza-

tion medium. To obtain total protein fractions, the homogenization medium was pre-

pared (50 mM HEPES, 150 mM NaCl, 12-b-glycerophosphate, 3 dithiothreitol (DTT), 2 

mM sodium orthovanadate (Na 3VO4), 1 mM EGTA, 1 mM NaF, 1 mM phenylmethyl-

sulfonyl �G�µ�}�Œ�]���� (PMSF), 1% Triton X-100, and inhibitors of proteases and enzymes 

(Thermo �^���]���v�š�]�.���U Rockford, IL)) following centrifugation at 15,000 × g for 30 min. The 

collection of crude mitochondrial fractions was carried out as previously described 48. 

�D�}���]�.���� Lowry Protein Assay was performed to determine protein concentrations. 

 

�Y�µ���v�š�]�.�����š�]�}�v of total ATP content 

The level of ATP was determined by a kit of ® rLuciferase/Luciferin Reagent (FF2021, 

Promega, Madison, WI) as previously described 37. Total protein samples (30 �…�P�• were 

diluted in 100 �…�> of reconstituted rL/L reagent buffer consisting of D-luciferin, Tris-

acetate buffer (pH 7.75), luciferase, bovine serum albumin, EDTA, magnesium acetate, 

and dithiothreitol. The light output from sample and “background blank” (rL/L reagent 

and homogenization buffer) were measured using a standard microplate luminometer 

(PE Applied Biosystems). The levels of ATP production were expressed as percentage 

changes versus the control group. 

 

Infarct Volume Assessment 

Infarct volumes of different groups were measured as described in detail previously by 
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our laboratory37. Brain sections from different groups were selected and stained with 

0.01% (w/v) cresyl violet for 10 min, which was followed by graded ethanol dehydra-

tion. AxioVision microscope system (Carl Zeiss, Germany) and Image J (NIH) were ap-

plied to acquire and quantify images of brain sections respectively. Shrinking areas was 

expressed as a percent of the total area of the contralateral hemisphere using the fol-

lowing formula: percent of shrinking area = (area of contralateral hemisphere – area of 

shrinking hemisphere)/area of contralateral �Z���u�]�•�‰�Z���Œ��
®�?
®�í�ì�ì�9�X 

 

Nissl Staining and TUNEL staining 

The Nissl substance is abundant in neurons and has been used to identify neurons. In 

this study, NeuroTrace TM fluorescent Nissl stain was performed. Briefly, a mixture was 

prepared using NeuroTrace TM fluorescent Nissl stain (Thermo Fisher Scientific) and 

DAPI (Vector Laboratories) (1:1000). Afterwards, brain sections were cover-slipped with 

this mixture. TUNEL staining was performed as previously described. Selected sections 

were placed on slides and stained using the Click-iT Plus TUNEL assay kit (Thermo Fish-

er �^���]���v�š�]�.���• according to the manufacturer’s instructions. Images were captured by 

LSM510 Meta confocal laser microscope (Carl Zeiss). 

 

�/�u�u�µ�v�}�G�µ�}�Œ���•�����v���� Staining and Confocal Microscopy 

Briefly, after incubation with 10% normal donkey serum and 0.1% Triton X-100 for 1 

hour at room temperature, brain sections were incubated with corresponding primary 
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antibodies. In this study, the following primary antibodies were used: MAP2 from Santa 

Cruz; anti-synaptophysin, spinophilin (Abcam); anti-TOM20 from Proteintech Group; 

anti-cleaved-3/9 (Cell Signaling). After washes, brain sections were incubated with ap-

propriate secondary antibodies from Thermo Fisher Scientific for 1 hour at room tem-

perature followed by another three washes. Afterwards, brain sections were mounted 

with mounting medium and cover-slipped with DAPI (Vector Laboratories). Fluores-

cence images were captured by LSM510 Meta confocal laser microscope (Carl Zeiss), 

and quantitatively analyzed by Image J (NIH). 

 

Western Blotting Analysis 

As previously described 48, proteins (30-50 �…�P�• were separated on 4–20 % SDS-

polyacrylamide gels and transferred onto PVDF membranes. The PVDF membranes 

were then blocked with 3% BSA in TBST followed by incubation with anti-Cytochrome c 

(Proteintech, IL) antibodies at 4 °C for 12 hours. After washing three times, PVDF mem-

branes were incubated with HRP conjugated secondary antibodies (Cell Signaling; Dan-

vers, MA, USA) for 1 hour at room temperature. Membrane-bound proteins were de-

tected and analyzed by CCD digital imaging system and Image J analysis software (Ver-

sion 1.49; NIH, USA), respectively. 

 

Caspase Activity Assay 

Caspase-3 and caspase-9 activities in cytosolic proteins determined as previously de-

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



 

scribed by our laboratory 48. Ac-DEVD-AMC and Ac-LEHD-AMC (AnaSpec, Fremont, CA, 

USA) were used as substrates for detecting caspase-3 and caspase-9, respectively. Fluo-

rescence was measured by a Synergy HT Microplate reader (BioTek Instruments Inc, 

Winooski, VT, USA). The values in HI and PBM pretreatment groups were expressed as 

a percentage of the control group.  

 

Novel Object Recognition Test (NOR) 

NOR test was applied to measure the effects of PBM pretreatment on recognition 

memory. Rats have an intrinsic tendency to spend more time on exploring a novel ob-

ject48. To test the long-term recognition memory, rats were placed in object recogni-

tion box with 2 identical objects for 5 min at P28. Twenty-four hours later (P29), the 

rats were returned to the object recognition box with one familiar object and one nov-

el object. A video camera and ANY-maze video tracking software were used to record 

and analyze the time animals spent on exploring each object and the time animals ap-

proached the zone within 2 cm from the object. The discrimination index (the percent-

age time spent on exploring the novel object) and the entries index (the percentage 

times approached the zone of the novel object) were calculated according to data rec-

orded mentioned above. 

 

Objection Location test (OLT) 
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OLT was applied to measure the effects of PBM pretreatment on spatial cognitive abil-

ity 49. In the sample trial, two identical objects were fixed in the same location as that 

in the NOR for 5 min. On the test day (P29), the rats were left to explore one object in 

the established location and another object in a novel location for 5 min. The behavior 

of animals was recorded and analyzed in the same way described in NOR test. 

 

Barnes Maze Task (BM) 

As previously described 48, the Barnes Maze Task was applied to test spatial learning 

and memory. In the current study, a 100 cm high platform (diameter: 122 cm) with 18 

holes around the perimeter was used. The platform was divided into four quadrants 

with equal area and the area where the target box was located was defined as target 

quadrant. P26, P27 and P28 were defined as training days and P29 was probe day. Dur-

ing training days, animals were placed on the platform and each rat was allowed 3 min 

to find the black escape box (20×15×12 cm). The time animals spent on finding the 

black escape box were recorded and each animal was allowed 1 trial per training day. 

On the probe day, the black escape box was removed during the 90-second probe test. 

The time rats spent in the target quadrant were recorded by a video camera and ana-

lyzed using ANY-maze video tracking software (Stoelting; Wood Dale, IL, USA). 

 

Statistical Analysis 

The tracking data of behavioral tests was analyzed by ANY-maze video tracking soft-
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ware mentioned above. In addition, SigmaStat software (Systat Software; San Jose, CA, 

USA) were used to perform statistical analysis. One-way analysis of variance (ANOVA) 

followed by Student-Newman Keul’s was applied to analyze between group differ-

ences. The differences were considered �•�]�P�v�]�.�����v�š at the 95% confidence level (P < 

0.05). Data were expressed as means ± SD. 

 

Results 

Time respon of ATP production after PBM pretreatment in naive neonatal rats at P10 

To define the optimal time for PBM preconditioning, brain collection and measurement 

of ATP content was conducted at 0, 3, 5, 6, 8 and 12 hours after PBM treatment in na-

ïve neonatal rats at P10. As shown in Fig. 1B, the ATP content in the hippocampus was 

significantly modulated by PBM and displayed a biphasic time response for PBM. Hip-

pocampus collected 6 hours after PBM preconditioning (PBM-6 group) had the highest 

ATP level compared to ATP in the other animal groups. At 3, 5, 6 and 8 hours after PBM 

treatment, the ATP levels in the hippocampus were significantly elevated compared to 

sham treatment at the same time point. ATP levels in sham PBM groups did not pre-

sent any time response and the ATP content in PBM-6 sham group did not have any 

difference compared with other groups without PBM pretreatment. 

 

PBM Pretreatment Significantly Alleviates HI-induced Behavioral Deficits 

To examine the effect of PBM pretreatment on HI-induced behavioral deficits, NOR 
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test, OLT test and BM test were performed from P26 to P29. As shown in Fig. 2A, the 

recognition memory of the animals was impaired at P29 after HI insults as indicated by 

the comparison of the discrimination index, entries index and the time spent on explor-

ing each object. Interestingly, the recognition memory deficit was significantly pre-

vented by PBM pretreatment compared with the sham PBM-treated HI groups. As 

shown in Fig. 2B, HI induced a decreased preference in investigating the object in a 

novel location (spatial recognition) compared with the control group, and the impaired 

spatial recognition memory was attenuated by PBM pretreatment. Furthermore, the 

BM test was also applied to test hippocampus-dependent spatial learning and memory. 

During training days, HI animals without PBM pretreatment expended more time find-

ing the black escape box compared to rats of the control group and PBM group (Fig. 2C 

(a-d)). Notably, as shown in Fig. 2C (d), there were no differences among three groups 

in escape velocity, suggesting that the difference in finding escape box were not due to 

variation in motor abilities. During the probe day, animals from the PBM pretreatment 

group and control groups spent a longer time in the target quadrant compared with 

animals of HI group (Fig. 2D (a-d)). In addition, the exploration errors in HI group were 

increased, and this increase was attenuated by PBM preconditioning (Fig. 2D (e)), sug-

gesting PBM pretreatment can significantly prevent spatial memory deficit induced by 

a HI insult.  

 

PBM Pretreatment Significantly Decreases Brain Shrinkage volume and Protects Neurons 
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after HI Insults 

To determine the effects of PBM preconditioning on neonatal HI brain damage at P29, 

Cresyl violet staining and NeuroTraceTM Fluorescent Nissl Staining were applied for his-

tological evaluation. Cresyl violet staining showed that there was an obvious shrinkage 

in the brain section of the right hemisphere after HI, compared with sections from the 

control group, notably, the shrinkage volume was significantly decreased in HI animals 

with PBM pretreatment (Fig. 3A (a-c) and Fig. 3B (a)).The effect of PBM on the right 

hippocampus is also shown in Fig. 3A (a-c), PBM pretreatment significantly attenuated 

HI-induced hippocampal atrophy. In addition, the results of NeuroTraceTM Fluorescent 

Nissl Staining indicated that PBM pretreatment significantly prevented the decrease of 

neuronal density in the hippocampal CA1 region after HI insults (Fig. 3A (d-f) and Fig. 3 

B (b)). 

 

PBM Pretreatment Significantly Inhibits Dendritic and Synaptic Injury after HI Insults 

To investigate the effect of PBM preconditioning on dendritic and synaptic damage 6 

days after HI insults, brain sections were labeled with MAP2, synaptophysin and spino-

philin, respectively 37, 48. MAP2 has been widely used as a dendritic marker, which can, 

at least in part, indicate a change in the morphology of the dendrites 18. As shown in 

Fig. 4A (a-c) and Fig. 4B, confocal microscopy and quantitative analysis demonstrated 

that the MAP2 fluorescent staining intensity was significantly decreased in HI animals 

compared with control rats, and the decreased expression of MAP2 was prevented in 
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animals with PBM preconditioning. In addition, it was obviously that HI animals had 

greater MAP 2 dispersion in the hippocampal CA1 stratum radiatum compared with 

control animals. In contrast, dendritic morphology was spared in HI animals that re-

ceived PBM pretreatment. To assess the effects of PBM pretreatment on synaptic 

changes after HI insults, synaptophysin and spinophilin were stained to determine the 

effects of PBM on the synaptic injury. As shown in Fig. 4A (d-i) and quantitative analysis 

in Fig. 4B, the expression of synaptic proteins was decreased in HI animals, and this de-

creased expression of synaptophysin and spinophilin was prevented by PBM pretreat-

ment. 

 

PBM Pretreatment Significantly Improves HI-induced Changes in Mitochondrial Dynam-

ics in Hippocampal CA1 Neurons 

Mitochondrial dynamics play a central role in mitochondrial function and is critical for 

the maintenance of neuronal function and survival 50. We next evaluated the effect of 

PBM pretreatment on mitochondrial morphology following HI insults. As indicated in 

Fig. 5A (a-c), the fragmented mitochondria in neurons from HI animals were markedly 

increased compared with neurons from normal animals, and PBM pretreated animals. 

To further define and analyze those changes, Image J software was applied to thresh-

old, filter and binarize the images of TOM20 fluorescent staining. As shown in Fig. 5A 

(d-i) giving the results of quantitative analysis of total mitochondrial particles and small 

particles in Fig. 5B (a and b), the mitochondrial fragmentation in HI group was signifi-
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cantly elevated compared with the control group, and the increased mitochondrial 

fragmentation was reduced by PBM. Furthermore, continuous mitochondrial struc-

tures were decreased in HI animals, and this was prevented in HI animals with PBM 

preconditioning (Fig. 5A (j-l) and Fig. 5B (c)). 

  

PBM Pretreatment Attenuates HI-induced Cytochrome c Release and the Mitochondrial 

Apoptotic Pathway 

We next investigated the effect of PBM on the cytochrome c content in mitochondria 

and cytosol after HI insults. Results of western blotting showed that the HI insult re-

sulted in significant decrease in cytochrome c in mitochondria compared with those in 

controls animals, and the effect was prevented by PBM pretreatment (Fig. 6A (a)). On 

the contrary, as shown in (Fig. 6A (b)), the levels of cytochrome c in the cyotosol were 

elevated in HI group compared with the control group, whereas PBM preconditioning 

�•�]�P�v�]�.�����v�š�o�Ç suppressed this increase. The changes in cytochrome c in mitochondria 

and cytosol suggested cytochrome c was released from the mitochondria to the cytosol 

after the HI insult, and this change of cytochrome c was attenuated by PBM pretreat-

ment. Subsequently, we measured the activity of caspase-9 and caspase-3 in the cyto-

sol. Results showed that both caspase-9 and caspase-3 activities were significantly in-

creased following HI insults, which were effectively inhibited by PBM pretreatment (Fig. 

6B). Furthermore, the active form of caspase-3 and caspase-9 were examined by im-

munofluorescence staining. Fig. 6C shows representative confocal microscopy of stain-
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ing for cleaved caspase-3 and cleaved caspase-9 taken from the medial hippocampal 

CA1 region. The active form of caspase-3 and caspase-9 were clearly increased after HI 

insult compared to control groups, which was attenuated by PBM pretreatment. Final-

ly, TUNEL staining was performed to measure apoptotic neuronal death in the hippo-

campal CA1. As presented in Fig. 6D (a-d), TUNEL staining revealed a robust increase in 

the number of TUNEL-positive cells compared to control groups, which was significant-

ly attenuated by PBM pretreatment indicating the inhibitive effect of PBM on HI-

induced apoptosis. 

 

Discussion 

In the present study, we have demonstrated that PBM preconditioning has the poten-

tial to prevent brain injury occurring after a hypoxic-ischemic event. Results suggested 

that ATP content reached the highest level 6 hours after PBM treatment compared 

with other PBM pretreatment groups. When PBM pretreatment was performed 6 

hours before HI insults, its beneficial effects on preventing neuronal damage and at-

tenuating long-term neurobehavioral deficits induced by HI insults were evident. The 

underlying mechanism of PBM pretreatment responsible for HI insults can be attribut-

ed to its ability to improve mitochondrial function. Morphological changes in mito-

chondria induced by HI insults can be effectively attenuated by PBM pretreatment. The 

maintenance of mitochondrial morphology prevented cytochrome c release followed 

by inhibition of the cytochrome c-mediated mitochondrial apoptotic pathway. Thus, 
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the present study provides evidence for PBM preconditioning against HIE and supports 

the possible use of PBM treatment for prevention of HI-induced brain injury in the per-

inatal period in the future. 

 Currently, the only promising treatment for HIE is therapeutic hypothermia (TH). 

The underlying mechanism involved the inhibition of ROS production, the maintenance 

of mitochondrial function and the suppression of mitochondrial apoptotic signaling5, 51-

54. While the beneficial effects of TH have been demonstrated in HIE models employing 

neonatal sheep, pigs and rats, its application for HIE treatment have limited by the re-

quirement for specialized equipment and the narrow time window for effective appli-

cation 55, 56. For TH treatment, TH must be administered within minutes to a few hours, 

which is difficult to apply to infants who are delivered in rural and remote communities 

56. Even if the infants were accessible to the equipment for TH, it is still difficult to apply 

if HIE is only recognized after 6 hours, and serious cardiovascular side effects may oc-

cur after TH administration56-59. In a nutshell, possible adverse events and the compli-

cated equipment required together limit the effectiveness and efficiency of TH. There-

fore, finding a method to improve the recovery of the fetus after HI insults is important 

to decrease mortality and morbidity after difficult births.  

Since the first publication described ischemic preconditioning, pretreatment regi-

mens have attracted more and more attention45, 60-62. In the field of preconditioning, 

several regimens including hyperthermia, hypothermia, ischemia, hyperbaric oxygen, 

and physical exercise, have been applied for improving resistance to ischemic insults60, 
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63. As a response to preconditioning, pathways mediating resistance to ischemia are 

activated, and the cells are transformed to a phenotype that is resistant to tissue dam-

age64-67. PBM as a non-invasive approach for modulating many biological processes and 

signaling pathways, has demonstrated a beneficial effect in improving behavioral per-

formance in several brain disorders 39, 42, 68. The non-invasive nature of transcranial 

PBM relies on its usage of near-IR light at 808 nm which has deep penetrance and min-

imal tissue media absorption, reaching depths of 2.5-3.0 cm when administered direct-

ly to the scalp surface in rabbits 69-71 . Furthermore, previous work investigating the ef-

fect of laser treatment with different wavelengths on brain injury suggested that laser 

irradiation with wavelength around 808 nm can significantly improve Neurological Se-

verity Score and decrease brain damage compared with laser light at other wave-

lengths 72. Our previous work has found beneficial effects of laser at 808 nm on animal 

models of stroke, Alzheimer disease and global cerebral ischemia 37, 42, 73. 

In the past several years, mitochondria have been conclusively demonstrated to be 

one of the main targets of PBM37, 41, 74, 75. One previous study investigated the time re-

sponse of muscles to PBM, which suggested the importance of finding the optimal 

time to apply PBM to tissues as a preconditioning regimen76. In agreement with the 

results of mitochondrial response to PBM in muscles76, a similar time response of the 

brain to PBM was also found in the present study. The content of ATP in the hippocam-

pus reached a peak at 6 hours after PBM treatment suggesting mitochondrial function 

reached its best level at that time. One characteristic effect of HIE is the rapid deple-
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tion of ATP in neurons induced by the deprivation of oxygen and glucose in the brain7, 8, 

29. Therefore, if PBM can trigger the production of ATP at the highest level at the time 

of occurrence of HI insults, the damage induced by HI to the brain may be attenuated 

by PBM pretreatment. In this study, we investigated the effect of PBM treatment per-

formed 6 hours before HI insult to prevent neuronal damage and neurobehavioral defi-

cits. 

Dendritic injury, involving the loss of neurons and synaptic proteins is closely relat-

ed to deficits in learning and memory performance19, 42, 48, 77. It has been shown that 

MAP2, a neuron-specific cytoskeletal protein, which also functioned as a dendritic 

marker, played a critical role in the initial formation of neurites78, 79. The evidence 

demonstrated that decreased expression of MAP2 was correlated with cognitive im-

pairment 19, and on the contrary, an improvement of behavioral performance was as-

sociated with the prevention of MAP2 reduction 42, 48. Furthermore, it has been widely 

accepted that synaptic proteins play a key role in learning and memory formation80, 81. 

Synaptophysin and spinophilin are synaptic proteins which are involved in synaptic sig-

nal transmission 82, 83. Previous studies (including our own) have suggested that the loss 

of synaptophysin and spinophilin can be observed in neurodegenerative disorders and 

in brain injury 48, 83-85. Since dendritic and synaptic changes are common in patients 

with poor learning and memory performance, methods that can improve their expres-

sion and function are beneficial to learning and memory 48. In the present study, PBM 

pretreatment could prevent HI-induced decreased expressions of MAP2, spinophilin, 

���Š�‹�•���ƒ�”�–�‹�…�Ž�‡���‹�•���’�”�‘�–�‡�…�–�‡�†���„�›���…�‘�’�›�”�‹�‰�Š�–�ä�����Ž�Ž���”�‹�‰�Š�–�•���”�‡�•�‡�”�˜�‡�†�ä



 

and synaptophysin, suggesting that PBM preconditioning could improve the resistance 

of neurons to HI insults and alleviate dendritic and synaptic injury. In line with the ef-

fect of PBM pretreatment on limiting dendritic and synaptic damage, the behavioral 

results were significantly improved. Also, the loss of neurons in the hippocampus and 

the infarct area in the brain were markedly attenuated by PBM preconditioning, which 

confirmed the neuroprotective effect of PBM in HI-induced brain injury. Those effects 

are likely to be related to mitochondria, the main target of PBM. 

Mitochondria play a central role in powering numerous cellular activities and 

modulation of various biological processes86-88. Over the past few decades, mitochon-

drial dysfunction has been extensively investigated in aged tissues and in brain disor-

ders 37, 42, 89. Our previous study demonstrated that the restoration of mitochondrial 

dynamics and the suppression of mitochondrial dysfunction can significantly attenuate 

behavioral deficits after stroke and AD37, 48, 90, and several studies have demonstrated 

that the recovery of mitochondrial function can provide the majority of the energy, 

needed for neuronal survival and neurogenesis 37, 42. The important role of mitochon-

drial function in Parkinson’s disease, global cerebral ischemia, traumatic brain injury 

and depression indicate mitochondria are a major target in HI treatment and preven-

tion75, 91-93. In HIE, the rapid depletion of ATP induced by mitochondrial dysfunction can 

trigger several pathophysiological response including excitotoxic amino acid release, 

the activation of glutamate receptors (AMPA, AMPA), increased cellular calcium uptake, 

intracellular Ca2+ accumulation, nitric oxide (NO) release and reactive oxygen species 
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(ROS) production28-31. All these pathophysiological responses to mitochondrial dysfunc-

tion are closely related to mitochondrial dynamics, including the balance between mi-

tochondrial fusion and fission. Impaired mitochondrial dynamics can result in mito-

chondrial fragmentation and facilitate cytochrome c release94. Cytochrome c is a key 

pro-apoptotic protein which will be released from the mitochondria to the cytosol 

when mitochondrial fragmentation occurs32, 33, 95-97. The released cytochrome c in the 

cytosol can trigger the activation of caspase-9 followed by caspase-3 and finally result 

in neuronal apoptosis98. Our previous work found that PBM posttreatment after HI 

conferred a robust neuroprotection by the attenuation of mitochondrial dysfunction 

and inhibition of neuronal apoptosis in the neonatal HI brain99. Consistent with our 

previous work, the present work demonstrated that PBM pretreatment was also able 

to contribute to the significant neuroprotection via the mitochondrial regulation.  

In conclusion, we demonstrated that PBM preconditioning can maintain mito-

chondrial dynamics in neurons and inhibited mitochondrial fragmentation, which was 

in accordance with previous findings that PBM treatment can shift mitochondrial dy-

namics toward fusion, and maintain a healthy balance of mitochondrial dynamics42, 100. 

Furthermore, we also found PBM pretreatment can inhibit the release of cytochrome c 

from mitochondria to cytoplasm followed by the suppression of mitochondria-

mediated apoptotic pathway and neuronal apoptosis. The mitochondria-mediated 

apoptotic pathway is a typical pathway playing a critical role in cell survival with con-

siderable evidence in numerous studies101, 102. Our findings demonstrated that PBM 
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pretreatment could suppress these pathways by the preservation of mitochondria in an 

HI model. Although the further in-depth investigation of the underlying mechanism of 

PBM pretreatment on HIE is still needed, the results of our study suggest the possible 

application to prevent HIE in humans. As indicated in our previous study, several im-

portant parameters contribute to the effect of PBM treatment. The effect of different 

power densities and dosages of PBM pretreatment on HI model are still unclear. There-

fore, more work on this aspect is still needed in the future. In addition, further work 

will need to test whether the application of PBM to human infants that already have 

suffered a HI insult can produce a therapeutic benefit. It is not beyond the bounds of 

possibility that non-invasive Near Infrared light could be applied to the fetus during the 

actual birth process. 
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Figure Legends 

Fig. 1. Schematic diagram of the experimental protocol. (A) Diagram shows the irradia-

tion position of PBM treatment. (B) ATP contents in total protein samples were collect-

ed at the different time point in naive control group and PBM treatment group (n=4-5). 

(C) Animals were randomly divided into three groups. Group I: healthy animals without 

HI (control); Group II: animals that received HI insults plus sham PBM preconditioning 

(HI); Group III: animals that received HI insults with PBM preconditioning (PBM+HI). 

PBM pretreatment was initiated 6 hours before HI insults, and the behavior tests were 

performed from P26 to P29. Brain collections were conducted at P16 and P29 respec-

tively. Brains collected at P16 were used for �]�u�u�µ�v�}�G�µ�}�Œ���•�����v���� staining, Western 

blotting, and biochemical analyses (n=5-6). Brains collected at P29 were used for Creyl 
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violet (n=5-6). All data are presented as mean ± SD. *P < 0.05 versus PBM sham group. 

 

Fig. 2. Effects of PBM preconditioning against HI-induced behavioral defects. (A) Novel 

object recognition tests at P28 and P29 were conducted to test the recognition 

memory. (a-c) Representative traces of animals were presented for animals’ explora-

tion of the familiar object (green) and a novel object (red). The analysis for discrimina-

tion index, entries index (white: Control, black: HI, grey: PBM+HI) and the time spent 

on exploring each object (green: familiar object, red: novel object) are shown in (d-f). 

(B) Objection location tests at P28 and P29 were also conducted to test the spatial 

recognition memory. Representative traces of animals were presented for animals’ ex-

ploration of two familiar object (green) in familiar location and new location (a-c). Rela-

tive discrimination index and exploration time were analyzed and shown in (c and d). 

(C, D) The Barnes Maze Task was applied to test spatial learning and memory. (C) Re-

sults of test trials in the Barnes maze task were present in (a-e). Representative escap-

ing traces of animals were recorded (a-c). The analysis results of escape latencies and 

the average velocity were shown in (d and e). (D) Probe trials were conducted at P29. 

Representative escaping traces of animals from control (a), HI group (b) and PBM group 

(c) were recorded. The analysis results of target quadrant (green area) and errors oc-

curred in the process of finding target box were shown in (d and e). All data are pre-

sented as mean ± SD (n=5-6). *P < 0.05 versus control group; #P<0.05 versus HI group. 
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Fig. 3. Effects of PBM preconditioning on the shrinkage volume and neuronal density in 

the hippocampal CA1 region. (A) Representative images of cresyl violet from control (a), 

HI group (b) and PBM preconditioning group (c). NeuroTraceTM Fluorescent Nissl Stain-

ing was performed to mark neurons. Representative �]�u�u�µ�v�}�G�µ�}�Œ���•�����v���� staining of 

neurons was shown in (d-f). (B) Quantification analysis was performed by analyzing 

shrinkage volume and counting the survival neurons. (a) Shrinkage volume was quan-

tized by Image-J software (NIH). Shrinkage volume was expressed as a percent of the 

total area of the contralateral hemisphere. (b) Numbers of surviving neurons was 

counted and analyzed in (b). All data are expressed as mean ± SD (n = 5-6). *P < 0.05 

versus control group, #P < 0.05 versus HI group. Scale bar = 30 �…�u�X 

 

Fig. 4. Effects of PBM preconditioning on HI-induced neuronal injury in hippocampus on 

P16. (A) Typical staining of MAP2 from control animals (a), HI insults with sham PBM 

pretreatment (b) or PBM preconditioning (c). Scale bar = 30 �…�u. Confocal microscopy 

images of spinophilin and synaptophysin were taken from the stratum radiatum layer 

of the hippocampal CA1 and displayed in (d-f) and (g-i) respectively. Scale bar = 10 �…�u�X 

(B) The confocal microscopy images of MAP2, spinophilin, and synaptophysin were ana-

lyzed by Image J analysis software. The quantitative analyses of MAP2 dispersion in 

hippocampal CA1 (a) and relative immunoreactivity were analyzed and expressed as 

percentage changes versus the control group. Values are displayed as mean ± SD (n = 5-

6). *P < 0.05 versus control group, #P < 0.05 versus HI.  
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Fig. 5. Effects of PBM preconditioning on HI-induced changes in mitochondrial fragmen-

tation in hippocampal CA1 region on P16. (A) Typical confocal microscopy images of 

Tom 20 (green) and DAPI (blue) were shown in (a-c). The confocal images of Tom 20 

were thresholded, filtered (median, 2.0 pixels), and binarized by image J software. As 

shown in (j-l), mitochondrial segments were separated as total particles (d-f), small 

particles (g-i, ze: 0-�í�X�ñ�…�u�•�U and continuous structures (j-l, size: �î�…�u- infinity). (B) The 

analysis of mitochondrial segments was counted and displayed in (a-c). The counts for 

total mitochondrial segments (a), small mitochondrial segments (b) were calculated as 

the percentage of   the total mitochondrial area. Continuous mitochondrial structures 

were normalized to the total mitochondrial area (c). Values are presented as mean ± SD 

(n = 5-6). *P < 0.05 versus control group, #P < 0.05 versus HI group. Scale bar = 5 �…�u�X 

 

Fig. 6. Effects of PBM preconditioning on the content of cytochrome c in mitochondria 

and cytosol, the activities of caspase-9 and caspase-3, and apoptosis after HI insults. (A) 

The content of cytochrome c in mitochondria (M) and cytosol (C) were measured by 

Western blotting and analyzed by Image J software (a and b). Substrate activity assay 

was performed to measure caspase-3 and caspase-9 activities using cytosolic proteins 

from hippocampus (B). (C) The active form of caspase-3 and caspase-9 were stained 

using anti-cleaved-caspase-3 and anti-cleaved-caspase-9. Representative confocal mi-

croscopy images of cleaved-caspase-3 and cleaved-caspase-9 were shown in (a-f). The 
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fluorescent intensity of cle-caspase-3 and cle-caspase-9 were analyzed and shown in (g 

and h). (D) Apoptotic cells were stained by TUNEL staining as shown in (a-c). The num-

bers of TUNEL-positive cells were counted and analyzed as shown in (d). Data are pre-

sented as mean ± SD (n = 5-6). *P < 0.05 versus control group, #P < 0.05 versus HI 

group. Scale bar = 40 �…�u�X 
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