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Abstract. The use of transcranial low-level laser (light) therapy (ILLLT) to treat stroke and traumatic brain injury
(TBI) is attracting increasing attention. We previously showed that LLLT using an 810-nm laser 4 h after con-
trolled cortical impact (CCI)-TBI in mice could significantly improve the neurological severity score, decrease
lesion volume, and reduce Fluoro-Jade staining for degenerating neurons. We obtained some evidence for neu-
rogenesis in the region of the lesion. We now tested the hypothesis that tLLLT can improve performance on the
Morris water maze (MWM, learning, and memory) and increase neurogenesis in the hippocampus and subven-
tricular zone (SVZ) after CCI-TBI in mice. One and (to a greater extent) three daily laser treatments commencing
4-h post-TBI improved neurological performance as measured by wire grip and motion test especially at 3 and 4
weeks post-TBI. Improvements in visible and hidden platform latency and probe tests in MWM were seen at 4
weeks. Caspase-3 expression was lower in the lesion region at 4 days post-TBI. Double-stained BrdU-NeuN
(neuroprogenitor cells) was increased in the dentate gyrus and SVZ. Increases in double-cortin (DCX) and TUJ-1
were also seen. Our study results suggest that tLLLT may improve TBI both by reducing cell death in the lesion
and by stimulating neurogenesis. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JB0.19.10.108003]
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1 Introduction

Severe traumatic brain injury (TBI) is a common cause of death
and disability in industrialized countries.' In the US, each year
1.4 million people sustain TBIs, 235,000 patients are hospital-
ized and 50,000 die.> Furthermore, mild-TBI has recently
attracted increasing attention due to its rising incidence after
concussions in contact sports,> and after blast injury in military
conflicts.* Although various anti-inflammatory and anti-apoptotic
modalities have shown neuroprotective effects in experimental
models of TBI, to date, no specific pharmacological agent
aimed at blocking the progression of secondary brain damage has
been approved for clinical use.’

For many years, adult brain morphogenesis and homeostasis
was considered an exception (to the otherwise widely accepted
developmental processes in an adult organisms and the role of
stem cells therein) and the neural stem cells (NSCs) were
thought to be present and effective only during brain develop-
mental stages. The turning point in our perception was the dis-
covery of adult neurogenesis and identification of cells that both
in vitro and in vivo can function as NSCs generating neurons,
glial cells, or both. The paradigm shift about the nature of the
NSCs and potentials of the postnatal brain open the gates for
new studies with a new outlook. Now, the scientific community
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is engaged not only in depth understanding of the adult brain
processes and NSCs functions, but also coupling them with
novel treatment modalities.

Low-level laser (light) therapy (LLLT) using red or near-
infrared (NIR) light appears to be one of these promising modal-
ities. LLLT is gaining recognition as a viable treatment option
for a diverse range of diseases and conditions characterized by
injury, degeneration, inflammation, and pain.6 Transcranial LLLT
(tLLLT) has already been proposed to treat traumatic and degen-
erative brain disorders’ and psychiatric disease.® The mode of
action is proposed to be that the photons produced by the light
source are absorbed by components of the cellular mitochondrial
respiratory chain increasing ATP and modulating reactive oxygen
species and nitric oxide content, thus leading to activation of sig-
naling pathways and transcription factors.” Recently, we'®'2 and
others'>!% have shown that transcranially applied LLLT had sig-
nificant beneficial effects in mouse models of severe TBI induced
by either controlled cortical impact (CCI)'*'* or by closed
head weight drop.!'*!> We and others have shown that as a
result of LLLT application, the neurological severity score is
reduced,'®'>!%15 Morris water maze (MWM) performance
improved'® and depression and anxiety levels were not only
kept in check but also improved considerably.'® We also found
that not only could tLLLT reduce the number of neurons
undergoing degeneration (via Fluoro—Jade staining), suggesting
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neuroprotection, but that tLLLT could also increase bromodeox-
yuridine (BrdU) positive cells in the vicinity of the brain
lesion,'? suggesting that the neurological improvement may be
partly explained by the process of neurogenesis.'®

Lately, adult neurogenesis has become a major topic of in-
vestigation in multiple classes of brain disease, including
trauma'”"'® degenerative diseases,'® and psychiatric disorders.”
Many studies have suggested®' that the areas of the mammalian
brain that are particularly specialized to produce proliferating
neuroprogenitor cells are the subgranular layer of the dentate
gyrus (DG) in the hippocampus,” and the subventricular zone
of the lateral ventricle.”> The process of neurogenesis may be
important in this acute TBI model where it can readily be seen
after 4 weeks of follow-up that the neurological performance of
the mice is improving; at the same time, the size of the cortical
lesion is increasing.'?

In this report, we describe improvements in learning and
memory in mice with severe CCI-TBI treated either one or
three times with daily tLLLT. Caspase-3 expression in the lesion
was decreased at 4 days while BrdU-NeuN double stained cells
together with DCX and TUJ-1 staining were increased at 7 days.
The evidence for hippocampal and SVZ-neurogenesis suggests
that newly formed neurons may play a role in repairing the brain
lesion and regaining adequate brain function.

2 Materials and Methods
2.1 Animal Model

All animal procedures were approved by the Subcommittee on
Research Animal Care (IACUC) of the Massachusetts General
Hospital (Protocol No. 2010N000202) and met the guidelines of
the National Institutes of Health. Young adult male BALB/c
mice of 8 weeks (weight 21 to 25 g; Charles River Laboratories,
Wilmington, MA) were used in the study. A detailed description
of CCI-TBI induction, craniotomy procedure, and laser param-
eters is given in our previous publication.'” Briefly, after the
hairs on top of the head were removed with shaving and then
depilated with Nair, the top of the skull was exposed with
a skin incision of 1 cm (on central and sagittal direction). A care-
ful 5-mm craniotomy was performed over the right parieto-
temporal cortex using a trephine attached to an electric portable
drill without damaging the meninges. The bone flap was
removed and the mouse brain was subjected to a controlled cort-
ical impact using a special pneumatic impact device; pneumatic
cortical impact device, Model AMS 201, AmScien Instruments
LLC, Richmond, Virginia, with a 3-mm flat-tip, high pressure
150 psi, low pressure 30 psi, rod speed 4.8 m/s, rising duration
8.41 ms, and set impact depth of 2 mm that was adjusted to yield
a moderate to severe TBI. One hour post-TBI induction, mice
were given a neurological severity score (NSS) test and only
those scoring 7-8 were included in the study (~75% of the
injured mice). Immediately after generating the brain trauma,
the craniotomy hole was sealed with bone wax and the skin was
sutured. Mice were kept under anesthesia (with isoflurane)
throughout the whole surgical procedure. Sham control mice
were subjected to all aspects of the procedural steps except
the actual cortical impact.

For this study, after severe CCI-TBI induction, mice were
broadly divided into the following four groups: (a) sham TBI-
sham laser treatment; (b) real TBI-sham laser treatment; (c) real
TBI with one real laser treatment; (d) real TBI with three real
laser treatments. The four broad groups (defined above) each
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contained 16 mice per group with similar NSS values for the
animals in groups b, c, and d to ensure comparable injury
severity for all groups. Depending on the study group, mice
were sacrificed at 4, 7, and 28 days post-TBI. Three mice per
group were sacrificed on day 4 for caspase-3 determination. Five
mice per group were sacrificed on day 7, and another five mice
on day 28 for BrdU, DCX, and TUJ-1 immunofluorescence. The
remaining three mice were sacrificed on day 29. This arrange-
ment ensured that there were always (at least) eight mice alive
per group to undergo performance and cognitive testing. The
animals were housed as one mouse per cage and were main-
tained on a 12 h-light-12 h-dark cycle with access to food
and water ad libitum.

2.2 Laser Treatment

Before laser irradiation (real or sham), mice were taped to a plas-
tic plate via their paws. Sham TBI and real TBI mice received
laser treatment (real or sham) once a day for either 1 day or for
three consecutive days. Groups ¢ and d received laser treatment
with an 810-nm laser (DioDent Micro 810, HOYA ConBio,
Fremont, California) delivering 18 J/cm? fluence and 25 mW/
cm? irradiance for 12 min on a 1-cm spot diameter that covered
the entire mouse head. Group c (with real TBI) received a single
laser treatment 4 h post-TBI; group d (with real TBI) received
one laser treatment per day for three consecutive days (the first
irradiation being 4 h post-TBI).

2.3 Cognitive Performance Assessment

The MWM test was employed following a previously described
protocol,”* where the experimental set up for the MWM task
consists of a circular swimming pool (110 cm diameter and
30 cm height) filled with water kept at 24°C. The target zone
is the quadrant where the escape platform of 15 cm diameter
was placed in a fixed position either visible or hidden (1 cm
under the water surface). The other three quadrants were left,
right, and opposite zones. Acquisition training consisted of trial
blocks of two daily trials for 10 days, commencing at four
different positions from the border of the maze in a semi-random
order and with 15 min inter-trial intervals. If the platform was
not found in 120 s, the mouse was placed on the platform for
15 s, and then returned to its cage. After the acquisition training,
the actual trials started: the trial on the first day was latency to
the visible platform; trials on the second day through sixth day

sham

[l TBI control
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WGMT score
w

0 7 14 21 28
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Fig. 1 The wire grip and motion test (WGMT) performed at four differ-
ent time points; days 7, 14, 21, and 28 post-TBI induction. 1, 11, T11
P < 0.05, 0.01, 0.001 versus traumatic brain injury (TBI).
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Fig. 2 Evaluating the effect of transcranial low-level laser (light) therapy (tLLLT) on cognitive perfor-
mance of TBI sustained mice via Morris water maze test; (a) visible platform test, (b) hidden platform
test, (c) probe test *** p < 0.001 versus sham; f, t1, T11 P < 0.05, 0.01, 0.001 versus TBI; P < 0.05

versus TBI 1 laser.

were latency to the hidden platform; the test at the seventh day
was a probe trial where the platform was completely removed.
MWM evaluations lasted from days 21-27 post-TBI.

2.4 Neuromotor Assessment

The wire grip and motion test (WGMT) was used to assess the
motor function and muscle power via monitoring the grip
strength and endurance where the mice were positioned on a
horizontal wire of 0.6-mm thickness and 45-cm length, set at
46 cm above a tabletop. Assessment was done through grading
the ability of the mouse to grip, retain position, and move along
the wire. The test was performed in triplicate with an average
value taken per mouse. WGMT was performed on days 0, 1,
4,7, 10, 15, 19, 24, and 28.

(@)

2.5 Neurobehavioral Assessment

The neurological performance of the traumatized mice was rou-
tinely evaluated with the NSS test where mice were expected to
perform 10 tasks measuring motor ability, balance, and alert-
ness. The uninjured (control) mouse is given the score of zero
and one point is added for each failed performance task, which
can sum up to maximum score of 10. NSS evaluations started
1 h post-TBI (day 0) and were carried out on days 1, 4, 7, 10, 15,
19, 24, and 28. Mice with an NSS score less than 5 are assigned
as sustained mild TBI; mice with an NSS score of 5-6 are
assigned as sustained moderate TBI; an NSS score of 7-8 indi-
cated mice sustaining severe TBI; an NSS score of 9-10 indi-
cated mice sustaining very severe TBI. In our research, we
studied mice sustaining severe TBI with an NSS of 7-8. The
data showing the improvement of the NSS after tLLLT for

(e)

Area of caspase 3 staining

0.014

Il sham control ]
[] TBI sham ]
TBI 1 laser
TBI 3 laser

[ *kk i
0.01 -

0.012

0.008 - [ T -

J

0.006

T

0.004

0.002

.

4 days

Fig. 3 Immunohistilogic analysis for caspase-3 expression at the injury site, done at day 4 of the TBI
induction. (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean caspase-3/DAPI ratios + SD
(n = 5). Scale bar 100 yum. *** p < 0.001 versus sham; 1, t1 P < 0.05, 0.01 versus TBI.
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Fig. 4 BrdU-NeuN double-staining images and analyses at the neurogenic hippocampal DG at the 7
days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean BrdU/DAPI ratios + SD
(n = 5); normalization of the readings was done BrdU versus DAPI (labeling the nuclei). Scale bar
100 gm. *** p < 0.001 versus sham; 11, 11 P < 0.01, 0.001 versus TBI.

these TBI mice have already been reported, but it was necessary
to repeat it for control of the injury severity.

2.6 Immunofluorescence Staining

Mice in the study groups were given a daily intraperitoneal
injection of BrdU (Sigma, St. Louis, Missouri, Cat# B5002) as
50 mg/kg (diluted in saline) for seven consecutive days before
sacrifice.

Mice (whose brains were to be studied) were anesthetized with
isoflurane and perfused transcardially with 0.9% saline and then
with 4% phosphate-buffered paraformaldehyde. Brains were
excised and were fixed in the 4% phosphate-buffered paraformal-
dehyde solution for 3 days after which they were embedded in
paraffin. Coronal serial brain cross sections of 5-mm thickness
were taken and 10-u-thick sections were cut from the top, middle,
and bottom of the thick sliced blocks via microtome.

Immunofluorescence staining was performed using double
staining for BrdU-NeuN, DCX, TUJ-1, and for caspase-3.

Brain sections to be double-stained for BrdU-NeuN under-
went the standard immunofluorescence staining protocol for
paraffin sections where (briefly) brain slices were mounted onto
SuperFrostPlus charged glass slides followed by consecutive
pretreatment with xylene for deparaffinization, graded ethanol
for rehydration, and then passed through citrate buffer solution
for antigen retrieval, followed with incubation with blocking
solution of 5% BSA/0.1%Triton X-100 in phosphate-buffered
saline. Immunostaining was done with a primary anti-body
cocktail of rat anti-BrdU (Cat.# ab6326, abcam) and mouse
anti-NeuN (Cat# MAB377, Millipore, Billerica, Massachusetts)
for 72 h at 4°C to detect the neuronal cells. A cocktail of
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secondary antibodies (Alexa fluor 488 conjugated anti-rat and
Alexa fluor 568 conjugated anti-mouse, Invitrogen, Grand
Island, New York) was used to stain the brain slices. Finally,
they were cover slipped with mounting media containing DAPI
(4’,6-diamidino-2-phenylindole) (Cat#H-1200, Fisher Scien-
tific, Waltham, Massachusetts). Cells positively stained for
BrdU were imaged using a confocal microscope (Olympus
America Inc., Center Valley, Pennsylvania) and then exported
using Fiji software (Olympus Fluoview Version 3.0). For DCX
staining we used rabbit anti-DCX (Cat# ab18723, Abcam, Cam-
bridge, Massachusetts) and as a secondary the goat anti-rabbit
Alexa fluor 568-congugated (Invitrogen). For TuJ-1 staining we
used mouse anti-TuJ-1 (Cat# MAB1637, Millipore) with the
secondary anti-mouse Alexa fluor 488-conjugated (Invitrogen).
Caspase-3 staining was done with rabbit anti-caspase-3 (Cat#
04-439, Millipore) and Alexa fluor 680-congugated anti-rabbit
as a secondary antibody (Invitrogen). Green BrdU, red DCX, or
green TUJ-1 together with blue DAPI were quantified by the use
of Image J (NIH, Bethesda, MD). Ratios of red or green fluo-
rescence staining to blue DAPI fluorescence staining were cal-
culated to normalize for the number of cells present in each
microscopic field. Representative fields from five slides had
the ratios averaged and the SD calculated.

2.7 Statistical Analyses

From each group in each brain area, we selected slices that
showed more positive expression of each target antibody for
comparison, and then respectively measured their positive
expression area with Image-J software; finally, each target anti-
body expression area was divided by the DAPI area to normalize

October 2014 « Vol. 19(10)
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Fig. 5 BrdU-NeuN double-staining images and analyses at the neurogenic hippocampal DG at the 28
days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (¢) mean BrdU/DAPI ratios & SD (n = 5);
normalization of the readings was done BrdU versus DAPI (labeling the nuclei). Scale bar 100 ym.
** p <0.01 versus sham; f, 1 P < 0.05, 0.01 versus TBI.

the data for the number of cells present. Data are presented as
mean £ SD, and analyzed using one-way analysis of variance
followed by Tukey’s post-hoc test. Significance was defined
as p < 0.05. SPSS statistics V17.0 software was used for stat-
istical analyses.

3 Results

3.1 Effect of Transcranial Low-Level Laser (Light)
Therapy on Motor Function after Controlled
Cortical Impact

We previously showed that the NSS score improved in CCI
induction of TBI in mice treated with tLLLT.'> Here, we also
carried out the WGMT to show that another measure of neuro-
logical function improved in tLLLT treated mice. The WGMT
performed at four different time points; days 7, 14, 21, and 28
post-TBI-induction, and the comparisons for the laser treatment
effects are drawn against sham and TBI sustained cohorts. The
overall improvement in the motor functions commences at day
14 of the CCI-TBI induction and at day 21 tLLLT applied
cohorts show significant improvements: 1x tLLLT per day
p < 0.05 and 3% tLLLT per day p < 0.01 against TBI sustained
cohorts alone. At day 28, the improvements are even more pro-
nounced: 3X tLLLT per day has p < 0.001 versus TBI, Fig. 1.
Results are clearly indicate that the mice cohort that received
three daily tLLLT exposures (3% tLLLT) showed a significant
improvement (p < 0.05 versus TBI) in WGMT score at day
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14 post-TBI. At day 21 post-TBI, both groups that received
tLLLT (IX tLLLT p < 0.05and 3X tLLLT p < 0.01) had signifi-
cant improvements versus TBI and at day 28 the improvements
were even more pronounced (1X tLLLT p < 0.05 and 3x tLLLT
p <0.001 versus TBI). Overall, 3x tLLLT proved to be more
effective in improving the motor function.

3.2 Effect of Transcranial Low-Level Laser (Light)
Therapy on Morris Water Maze Performance
after Controlled Cortical Impact

The MWM study was carried out on days 21 through 27 post-
TBI, Fig. 2. The groups were normal, sham-TBI, TBI, TBI 1x
tLLLT, and TBI 3x tLLLT. The latency to the visible platform is
shown in Fig. 2(a), the five daily repetitions of latency to the
hidden platform are shown in Fig. 2(b), and the latency with
the probe test is shown in Fig. 2(c). The visible platform latency
is used to measure spatial navigation capabilities and the hidden
platform test is used to measure the improvement in learning and
memory, while the probe test is used to measure memory.

Our study shows that there was a large increase (p < 0.001) in
latency to the visible platform in TBI mice (42 £ 4 s) compared
to normal mice 10 £ 1 s) and sham-TBI mice (17 &£ 3 s) as might
be expected with brain damage. Both 1x tLLLT and 3x tLLLT
produced significant improvements (31 = 3 and 30 £ 4 s, respec-
tively, compared to TBI mice (p < 0.05), Fig. 2(a).

With the five successive hidden platform trials, days
22 through 26, Fig. 2(b), there were again large increases
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Fig. 6 BrdU-NeuN double-staining images and analyses at the neurogenic subventricular zone (SVZ2) at
the 7 days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean BrdU/DAPI ratios + SD
(n = 5); normalization of the readings was done BrdU versus DAPI (labeling the nuclei). Scale bar
100 um. *** p < 0.001 versus sham; T, 11 P < 0.05, 0.001 versus TBI.
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Fig. 7 BrdU-NeuN double-staining images and analyses at the neurogenic SVZ at the 28 days point;
(a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean BrdU/DAPI ratios + SD (n = 5); normalization
of the readings was done BrdU versus DAPI (labeling the nuclei). Scale bar 100 yum. *** p < 0.001 versus
sham; 11, t11t P < 0.01, 0.001 versus TBI.
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Fig. 8 BrdU incorporating cells at the lesion site at the 7- and 28-days
points. Mean BrdU/DAPI ratios + SD (n =5). *, *** P < 0.05, 0.001
versus sham; 1, 11 P < 0.05, 0.01 versus TBI.

(p <0.0001) in latency (44 — 36 £ 4 s) in TBI mice compared
tonormal (11 —10 £ 1 s) and sham (18 — 14 £ 2 s) groups. The
Ix tLLLT group had significant improvements (p < 0.0001) in
latency (34 — 26 £ 5 s) versus TBIL The 3x tLLLT latency was

significantly (p < 0.05) better than the 1x tLLLT latency at
the second and fourth repetitions. The rate of learning (gradient
between the five successive repetitions) did not appear to
be different between the TBI and the 1x tLLLT and 3x tLLLT
groups.

For the latency with the probe test, TBI mice had a large
(p <0.001) increase (35 + 4 s) compared to normal (8 £ 1 s)
and sham-TBI mice (15 + 3 s). Mice treated with 1x tLLLT had
a significant (p < 0.01) improvement (26 &2 s), while mice
that received 3x tLLLT had an even bigger (p < 0.001 versus
TBI and p < 0.05 versus 1x tLLLT) improvement (22 &2 s),
Fig. 2(c).

3.3 Caspase-3 Staining in Lesion Site

Caspase-3 expression in the injured region at day 4 of the TBI
induction is shown in Fig. 3. The TBI sustaining cohort is
expressing significant amounts of the protein (p < 0.001 versus
sham) at the lesion site, whereas laser treatments are showing a
significant declining trend of its expression; 1Xx tLLLT per day is
p < 0.05 versus TBI and 3x tLLLT per day is p < 0.01 versus
TBI. These findings imply that tLLLT can have a rapid cytopro-
tective effect by reducing apoptosis in the damaged lesion area.
Moreover, although tLLLT suppressed the effector caspase 3, at
the end of the chain of caspases, which are the main propagators
of apoptosis at cellular level, it cannot be concluded at what
stage of the cascade the LLLT had its primary effect.

(e)

025
Il DCX/DAPI ratio in DG at 7 days

DCX/DAPI ratio

sham TBI 1 laser 3 laser

Fig. 9 Microtubule-associated neuronal migration protein (DCX) expression images and analyses at the
neurogenic hippocampal DG at the 7 days point; (a) sham, (b) CCI-TBI, (c¢) 1xtLLLT, (d) 3xtLLLT,
(e) mean DCX/DAPI ratios + SD (n = 5); normalization of the readings was done DCX versus DAPI
(labeling the nuclei). Scale bar 100 um. * p < 0.05 versus sham; 1, t1 P < 0.05, 0.01 versus TBI.
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Fig. 10 Microtubule-associated neuronal migration protein (DCX) expression images and analyses at
the neurogenic hippocampal DG at the 28 days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT,
(e) mean DCX/DAPI ratios + SD (n = 5); normalization of the readings was done DCX versus DAPI
(labeling the nuclei). Scale bar 100 um. *p < 0.05 versus sham; 1 P < 0.05 versus TBI.
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Fig. 11 Microtubule-associated neuronal migration protein (DCX) expression images and analyses at
the neurogenic SVZ at the 7 days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean DCX/
DAPI ratios & SD (n = 5); normalization of the readings was done DCX versus DAPI (labeling the nuclei).
Scale bar 100 um. * p < 0.05 versus sham; 111 P < 0.001 versus TBI.
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Fig. 12 Microtubule-associated neuronal migration protein (DCX) expression images and analyses at
the neurogenic SVZ at the 28 days point; (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean
DCX/DAPI ratios + SD (n = 5); normalization of the readings was done DCX versus DAPI (labeling the
nuclei). Scale bar 100 um. *p < 0.05 versus sham; 1t P < 0.05 versus TBI.

3.4 BrdU-NeuN Expression

To show neurogenesis, we used the double labeling technique
with co-staining for BrdU and NeuN where BrdU labels newly
generated cells whose DNA has replicated, and NeuN is a
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Fig. 13 Microtubule-associated neuronal migration protein (DCX)
expression at the lesion site. Mean DCX/DAPI ratios &+ SD (n = 5);
normalization of the readings was done as DCX versus DAPI (labeling
the nuclei). *** p < 0.001 versus sham; 1, 111 P < 0.05, 0.001 versus
TBI.
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specific label for postmitotic mature neurons just before synap-
tic integration.> We concentrated on two areas in the mouse
brain; the subgranular layer of the hippocampal DG and the sub-
ventricular zone (SVZ) of the lateral ventricle.’?’” Both these
areas of the rodent brain are well known to give rise to neuro-
progenitor cells both after TBI?® and after other interventions
that have been tested for possible neuroprotective and neurore-
generative effects.?®** The two time points of analysis were 7
days and 28 days after the TBI induction. It should be noted
that virtually all BrdU positive cells observed were pink, indi-
cating triple staining (BrdU + NeuN) and DAPI and blue—green
BrdU + DAPI alone, which would be expected from newly
formed glial cells. The normalization of the BrdU-NeuN double
stained cells was done by counting the ratio of BrdU expression
to DAPI staining (labeling cell nuclei). This was to correct for
variation in the numbers of cells visible in different sections.

Our results indicated that some neurogenesis was caused
by TBI alone in the DG both at 7 days (Fig. 4) and at 28
days (Fig. 5). However, significant (p < 0.05) further increases
were generated by 1x tLLLT (p < 0.01 versus TBI), 3x tLLLT
(p < 0.001 versus TBI), and (p < 0.001 versus sham) at 7 days.
Note in Fig. 4(d), (3x tLLLT) the double stained cells are
clearly visible lining the subgranular layer. At 28 days post-
TBI, the laser induction of neurogenesis in the DG appears
to be more modest.

There was a large increase in BrdU-NeuN cells in the SVZ at
day 7 in TBI mice (p < 0.001 versus sham), Fig. 6. The values
were further increased by 1x tLLLT (p <0.05 versus TBI)
and by 3x tLLLT (p <0.001 versus TBI). The increase in
BrdU-NeuN in the SVZ at day 28 post-TBI (Fig. 7) was
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Fig. 14 Neuron-specific class lll -tubulin (TUJ-1) expression in differentiating neural progenitor cells of
the DG at 7 days point. Images are for (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT brain slices,
(e) mean TUJ-1/DAPI ratios & SD (n = 5); normalization of the readings was done TUJ-1 versus DAPI
(labeling the nuclei). Scale bar 100 yum. ** p < 0.01 versus sham; 1, 11 P < 0.05, 0.01 versus TBI.

much lower (0.03 +0.009), but the value was more than
doubled (0.068 £ 0.009, p <0.05) by 1x tLLLT and further
increased by 3x tLLLT (0.078 £ 0.009, p < 0.01).

BrdU/DAPI expression at the lesion site at the 7- and 28-days
points is shown in Fig. 8, indicating that TBI induction has
triggered a remarkable cell proliferation process at the lesion,
especially at the 7-day point (p <0.001 versus sham), and
laser application has been shown to amplify this process; 1x
tLLLT p <0.05 versus TBI and 3x tLLLT p <0.01 versus
TBI. The cell proliferation process appears to be effective during
the 28-day point as well albeit with more modest expressions. In
our previous study, we had only looked at BrdU incorporation at
the 28-day timepoint.'?

3.5 Double-Cortin Expression

Double-cortin (DCX) is a microtubule-associated protein
expressed by neuronal precursor cells and immature neurons
in embryonic and adult cortical structures. Neuronal precursor
cells begin to express DCX while actively dividing, and their
neuronal daughter cells continue to express DCX for 2-3
weeks as the cells mature into neurons.”’

Figures 9 through 12 show our results for DCX expression at
the two points of time lines, days 7 and 28, at the neurogenic DG
and SVZ regions. The microtubule-associated neuronal migra-
tion protein DCX expression images and analyses at the neuro-
genic hippocampal DG at the 7 day point are given in Fig. 9.
There was only a moderate increase in DCX staining caused by
TBI alone in the DG at 7 days (p < 0.05 versus sham). However,
1x tLLLT and 3x tLLLT produced significant (p < 0.05 and
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p < 0.01) increases in DCX expression compared to TBI alone
at 7 days (but not at 28 days, Fig. 10) both in the DG and also in
the SVZ (Fig. 11). Interestingly, DCX levels in the SVZ were
significantly increased after 1x and 3x tLLLT application
(p <0.001) at the 7-day time-point in comparison with the
DCX levels, expressed by TBI alone mice, Fig. 11. The effect
diminished with only very modest expression at the 28-day time
point, Fig. 12. DCX expression at the lesion site, Fig. 13, after
the TBI induction was significantly elevated (p < 0.001 versus
sham) during both the 7- and 28-day time points with 1x tLLLT
and 3x tLLLT levels being especially increased at the 7-day
period versus TBI-induced cohorts, with 7 days 3x tLLLT
p < 0.001 versus TBI. Overall, this remarkable increase in the
level of DCX expressing cells at the lesion of the TBI sustained
cohorts (in both timelines p < 0.001 versus sham) with espe-
cially pronounced elevations in the 3x tLLLT applied cohort
(p <0.001 versus TBI) may be indicative of the elevated num-
bers of migrating neuroprogenitors and the laser protective
effects on the neuroprogenitors in migration.

3.6 TUJ-1 Expression

TUIJ-1 recognizes a neuron-specific class III beta-tubulin whose
expression has been found to be an early molecular event in neu-
ronal differentiation and is exhibited by a wide range of neuronal
precursors.*? Our results for TUJ-1 staining (used to distinguish
the immature postmitotic neurons, just before synaptic integra-
tion) are given in Figs. 14, 15, 16, and 17. One can see that TBI
alone only produced an increase in the DG at 7 days. However,
1x tLLLT and 3% tLLLT produced significant (p < 0.05 and
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Fig. 15 Neuron-specific class Ill -tubulin (TUJ-1) expression in differentiating neural progenitor cells of
DG at 28 days point. Images are from (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT brain slices,
(e) mean TUJ-1/DAPI ratios & SD (n = 5); normalization of the readings was done TUJ-1 versus DAPI
(labeling the nuclei). Scale bar 100 ym. 1, t1 P < 0.05, 0.01 versus (TBI).

p < 0.01, respectively) increases in TUJ-1 compared to TBI
alone at both time points (days 7 and 28) in both neurogenic
areas of the brain, SVZ, and DG. One can see that the postmi-
totic TUJ-1-positive cells, generated throughout the period of
cortical neurogenesis, were abundant in the 1x and 3Xx laser
treated cohorts. 3x tLLLT appeared to prolong the lifetime of
the adult neuroprogenitors as indicated by the significant levels
of TUJ-1 expression in the neurogenic hippocampal DG even at
day 28 after TBI induction (p < 0.01 versus TBI). In the other
neurogenic hot spot, the SVZ, 3x LLLT was also effective
with p < 0.01 versus TBI at the day 7 point and p < 0.05 versus
TBI at the 28-day point, where at day 28, only the 3x tLLLT
exposed cohorts show elevated levels of TUJ-1 expressing
neuroprogenitors.

4 Discussion

We had previously reported'® that tLLLT using the parameters
described in the present study (36 J/cm? of 810-nm laser deliv-
ered at 50 mW /cm? and 12 min) delivered to mice who received
a severe CCI-TBI 4 h previously had beneficial effects in
improving the NSS and reducing the size of the brain lesion
as measured by histology. In a subsequent study,'? we showed
that a lower dose of tLLLT (18 J/cm? delivered at 25 mW /cm?
and in 12 min) was more effective with regard to improving the
NSS if repeated once a day for 3 days, than if given a single time
(4-h post-TBI) or if given once a day for 14 days. We obtained
some evidence that cells around the lesion incorporated BrdU
after tLLLT, suggesting that they were either proliferating
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neuronal cells or activated glial cells.'? If these cells were pro-
liferating neuronal cells, they could be expected to have origi-
nated in one of the two neurogenic areas of the rodent brain that
have been identified to contain so-called NSCs or neuroproge-
nitor cells, the DG, and SVZ.

In the present study, we used the accepted method of labeling
proliferating neural cells, which is double staining with BrdU
and the mature neuronal marker NeuN. We also looked into
the expression of other well-known neural cell markers such
as DCX and TUJ-1.

As previously found,'? the 1x tLLLT and to a greater extent
the 3x tLLLT treated mice had improved neurological perfor-
mance as measured by improved motor function performance
in the WGMT. We used the MWM as a more advanced way
to measure cognitive function in terms of spatial learning and
memory. The improvement in latency produced by tLLLT
(3x tLLLT was even better than 1x tLLLT) in the visible plat-
form, the hidden platform and the probe test suggested that spa-
tial memory and cognitive perception were improved by tLLLT,
while the absence of a significantly steeper gradient in the five
successive hidden platform tests suggested that learning was not
specifically improved by tLLLT. The only other report of
improvement in MWM performance in mice by application
of tLLLT was by Khuman et al.>* who delivered an 800-nm
laser either transcranially or through an open craniotomy to
C57BL/6 mice with CCI-TBI. There was a significant decrease
in latency to the hidden platform and improvement in probe trial
performance compared to untreated controls but only with
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Fig. 16 Neuron-specific class Ill -tubulin (TUJ-1) expression in differentiating neural progenitor cells of
SVZ at 7 days point. Images are for (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x tLLLT, (e) mean TUJ-1/
DAPI ratios + SD (n = 5), and (f) close look up brain slices; normalization of the readings was done TUJ-
1 versus DAPI (labeling the nuclei). Scale bar 100 zm, exceptin (f) where itis 25 um. 1, 1 P < 0.05, 0.01

versus TBI.

certain parameters. Histological investigations proposed a
reduction in inflammation (activated microglia) to be (partly)
responsible for the benefit.

A study from Oron’s lab showed the effectiveness of tLLLT
in mice with TBI manifested by improvements in NSS and cor-
responding reductions in lesion size in Sabra mice with a single
exposure to 808-nm LLLT.'* A follow-up study showed that the
pulse structure and the time between injury and irradiation was
important in defining how much benefit the LLLT provided to
the mice."

Quirk et al.** used the TruScan nose poke test to follow the
response of Sprague—Dawley rats with CCI-TBI to tLLLT
(670 nm, 5 min, 50 mW /cm?, 15 J/cm?) per day for 10 days.
They found significant reductions in task entries, repeat entries,
and task errors that coincided with a decrease in Bax and an
increase in Bcl2.

De Taboada et al. showed® remarkable improvements in
MWM performance by delivering tLLLT in a transgenic
mouse model that expresses amyloid-beta protein precursor
and which develops pathology similar to Alzheimer’s disease.
tLLLT was administered three times/week at various doses,
starting at 3 months of age, and mice were examined for amyloid
load, inflammatory markers, amyloid-beta (A-beta) levels, and
changes in cognitive function. The numbers of A-beta plaques
and amyloid load were significantly reduced in the brain
with administration of tLLLT in a dose-dependent fashion.
All doses improved the cognitive defects seen with advanced
amyloid deposition and reduced the expression of inflammatory
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markers. In addition, tLLLT showed an increase in ATP
levels, mitochondrial function, and c-fos suggesting an overall
improvement in neurological function.

Many of these improvements in brain function that have been
observed when tLLLT was used in mice with various neurologi-
cal injuries and diseases, may possibly be explained by the proc-
ess of neurogenesis. One hypothesis for LLLT stimulation of
neurogenesis is that tLLLT stimulates the mitochondria of neu-
ral stem cells and neuroprogenitor cells, and thus induces them
to mobilize out of their hypoxic niche and assume a differenti-
ated and proliferating phenotype. Our findings that neurogenesis
in the DG and SVZ was more pronounced at 7 days post-TBI
than at 28 days are intriguing. The fact that markers of migrating
neuroprogenitor cells (DCX and TUJ-1) were also upregulated
in the DG and SVZ along with BrdU incorporation implies that
these newly formed neurons have the capacity to at least move
from the exact site where they were created. In the present study,
to monitor the neurogenesis and migration, we used DCX,
NeuN, and TUJ-1. The DCX is nearly exclusively expressed
in developing neurons and the downregulation of DCX begins
(2 weeks after generation) and takes place while, in tandem, the
same cells begin expressing the NeuN (a marker for mature neu-
rons®). The neuron-specific class III beta-tubulin (TUJ-1), the
expression of which represents an early molecular event in neu-
ronal differentiation, is exhibited by a wide range of neuronal
precursors.*? In an earlier study, Menezes®’ has shown that dou-
ble labeled BrdU- TUIJ-1 positive cells were postmitotic and
generated throughout the period of cortical neurogenesis and

October 2014 « Vol. 19(10)



Xuan et al.: Transcranial low-level laser therapy enhances learning, memory. ..

that TUJ-1 immunoreactivity actually distinguishes two neuro-
nal populations: those that remain for an indefinite period of
time in the proliferative zones and those that leave the prolifer-
ative zones soon after being generated, and their distribution
suggests that they migrate independent of radial glial fibers,
which is corroborating the findings of our study.

Although we did not measure lesion size in the present study,
in two previous studies, we were able to show that the lesion size
after CCI TBI was smaller in tLLLT treated mice than TBI con-
trol mice, especially at later time points (2—4 weeks post-TBI).
The possible reasons for this may be twofold. First is the ability
of tLLLT to protect tissue at risk of dying by upregulating
cytoprotective pathways such as anti-apoptotic proteins.*® The
effect of tLLLT on increasing the mitochondrial membrane
potential®*° may stabilize the mitochondria and/or prevent
the opening of the mitochondrial permeability transition pore
that is a well-known initiator of apoptosis.*' Caspase-3 is
known to be activated via both extrinsic (cell ligands) and intrin-
sic (mitochondrial assembly of pro-apoptotic factors) pathways
in apoptotic cells.*** Kaneko et al. study** revealed that cas-
pase-3 mRNA expression was slightly elevated at 8 h post-TBI
induction but was not significantly upregulated up until the 48th
hour and caspase-3 immunoreactive cells were not found until
48 h after the induction. In tandem with these findings and our
results, the emerging picture is clearly suggesting that immedi-
ately after the TBI induction, the injured brain attempts to repair
itself (via neuronal cell proliferation). However, this endogenous
regenerative mechanism may not be sufficient to abrogate the sec-
ondary apoptotic cell death. But when we introduce the tLLLT,
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Fig. 17 Neuron-specific class Ill -tubulin (TUJ-1) expression in differentiating neural progenitor cells of
subventricular zone (SVZ) at 28 days point. Images are for (a) sham, (b) CCI-TBI, (c) 1x tLLLT, (d) 3x

tLLLT, (e) mean TUJ-1/DAPI ratios + SD (n = 5); normalization of the readings was done TUJ-1 versus
DAPI (labeling the nuclei). Scale bar 100 um. 1+ P < 0.05 versus TBI.
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the study cohorts are revealing that it amplifies the cell prolifer-
ation and reduces apoptosis. This ability of tLLLT to protect tis-
sue has long been supposed to be responsible for the lesser areas/
volumes of damage in such animal models as ischemic cardiac
damage® and thrombotic stroke.*® However, our present data sug-
gest that there may be another mechanism of action operating
after tLLLT that we can describe as “tLLLT can induce the brain
to repair itself.” In fact, it could be the case that part of the reason
why the tLLLT treated TBI mice had smaller lesions than the TBI
control mice was that the light had caused neuroprogenitor cells
to proliferate in the DG and SVZ and then to migrate to the site of
injury to repair the damage. This is partly corroborated by our
previous finding'? that tLLLT increased BrdU incorporation in
the region of the injured cortex at 28 days post-TBI. Oron et al.
found*® similar results in a rat model of stroke where neuropro-
genitor cells were found in the SVZ at 28 days poststroke (LLLT
was delivered 24 h-poststroke).

5 Conclusion

‘We have shown, for the first time, that tLLLT can stimulate neuro-
genesis in both the hippocampal DG and the SVZ in mice with
TBI. Moreover, the treatment has been shown to improve spatial
memory and learning. The likelihood that LLLT can induce the
brain to repair itself after injury suggests that laser therapy may
have much wider applications than that previously considered.
Many diseases of the brain that are traumatic, degenerative, and
psychiatric could be benefited if neurogenesis can be induced by
an inexpensive, low-risk procedure without known side-effects.
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Moreover, tLLLT appears to be a viable and efficient stimulus for
enhancing endogenous neurogenesis and to exert a survivability
enhancing effect on the neuroprogenitor cells, thus increasing
their chance to get functionally integrated into the pre-existing
neuronal circuitry. In our study, both cognitive performance
and neuromotor assessment test studies corroborated the immu-
nohistochemical findings. However, more complementary in vivo
imaging studies can in sifu reveal the effects of tLLLT on the
surge of neuroprogenitors into the injured area and the migratory
effects of NSCs in brain functioning, homeostasis, and the effec-
tive treatment of various neurologic diseases.
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