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Abstract This study investigated the therapeutic effects of low-level laser irradiation (LLLI) on the recovery of motor
function and its underlying mechanisms in rats with spinal cord injury (SCI). The spinal cord was contused at the T11 level
using a New York University impactor. Thirty-eight rats were randomly divided into four groups: LLLI with 0.08 J, 0.4 J,
0.8 J, and sham. We transcutaneously applied at the lesion site of the spinal contusive rats 5 min after injury and then daily
for 21 days. The Basso, Beattie and Bresnahan (BBB) locomotor scale and combined behavioral score (CBS) were used to
evaluate motor function. The spinal segments of rostral and caudal from the lesion site, the epicenter, and L4-5 were
collected from normal and the all groups at 7 days after SCI. The expression of tumor necrosis factor-o (TNF-o) and
inducible nitric oxide synthase (iNOS) was compared across groups in all regions. In the present study, LLLI with 0.4 J and
0.8 J led to a significant improvement in motor function compared to sham LLLI, which significantly decreased TNF-o
expression at the lesion epicenter and reduced iNOS expression in the caudal segment for all LLLI groups and in the L4-5
segments for the 0.4 J and 0.8 J groups when compared to sham LLLI group. Our results demonstrate that transcutaneous
LLLI modulate inflammatory mediators to enhance motor function recovery after SCI. Thus, LLLI in acute phase after SCI
might have therapeutic potential for neuroprotection and restoration of motor function following SCI.

Keywords Low-level laser irradiation - Motor recovery - Post-traumatic inflammation - Secondary injury - Spinal cord
injury

1 Introduction primary injury to the spinal cord occurs tissue destruction

and hemorrhage at the lesion site [2]. Pathological events
Traumatic spinal cord injury (SCI) typically results in a  following primary injury trigger subsequent secondary
loss of motor function due to neuronal cell death which can  neuronal injury that can exacerbate spinal cord damage and
be a consequence of primary and secondary injury [1]. The  limit restorative [3]. Experimental evidences suggest that
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post-traumatic inflammatory response might be a possible
mechanism for secondary neuronal injury after SCI [4, 5].
The post-traumatic inflammatory response is a complex
biological process of vascular, biochemical, and cellular
events [6]. In this process, cytokines such as tumor
necrosis factor-alpha (TNF-a)) and nitric oxide (NO) play
a critical role during the initial phase. Among these
cytokines, TNF-o act as an active participant of the
inflammatory response in the central nervous system
(CNS) [7, 8]. Experimental studies have shown that TNF-
o expression rapidly increases, and inhibition of that
helps functional recovery after SCI [9, 10]. NO is pro-
duced by nitric oxide synthase (NOS) which contributes
to the pathogenesis of secondary injury after CNS dam-
age [11, 12]. In particular, the expression of inducible
NOS (@(NOS) after SCI acts as an indicator of the
inflammatory reaction that leads to secondary injury [13].
Previous studies have reported that motor function
improves when an iNOS inhibitor is administered after
SCI [14, 15]. Taken together, inhibition of TNF-o and
iNOS expression can reduce secondary damage after SCI,
which may be able to minimize the loss of motor
function.

Low-level laser irradiation (LLLI) has been widely
used for various pathological conditions, including
wound healing [16] and pain control [17]. Previously,
in vitro experiments have shown the anti-inflammatory
effects of LLLI [18]. Several researches using various
animal models have also demonstrated the anti-inflam-
matory effects of LLLI in and have tried to unravel
the underlying mechanisms [19, 20]. They have shown
that LLLI reduces the production of pro-inflam-
matory mediators or cytokines such as TNF-o and
iNOS, implying that LLLI has therapeutic potential as
an alternative to anti-inflammatory drugs [19, 20].
Recently, experimental studies have revealed that LLLI
could have neuroprotective and therapeutic effects on
functional recovery following brain injury, reducing the
post-traumatic inflammatory response [21-23], but there
are still remain controversy. In addition, early studies
related to the effects of LLLI on motor recovery have
focused on brain injury, and systematic studies of LLLI
effects of on SCI are still lacking. Furthermore, most
research has been conducted using different laser
parameters such as wavelength, power, dose, and
duration, and thus, the possible mechanisms behind
these effects remain unclear.

Thus, we examined the effects of LLLI applied at the
lesion site of SCI on the recovery of motor function in the
present study. The expression of TNF-a and iNOS was also
assessed in order to investigate mechanisms underlying the
therapeutic effects of LLLI.
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2 Materials and methods
2.1 Experimental animals

All animal protocols were approved by the Korea
University Institutional Animal Care and Use Committee
(KUIACUC-2010-170). Sixty-three adult male Sprague-
Dawley rats (200 g, Orient Bio Inc., Seoul, Korea) were
used in this study. Rats were maintained under a 12-h
light/dark cycle with free access to water and food.

2.2 Contusive spinal cord injury

Contusive SCI wasinduced at T11 spinal level, using the NYU
impactor under isoflurane anesthesia (3% isoflurane and 97%
O,). In brief, a laminectomy was performed at the T10 ver-
tebra and a 10 g weight was dropped onto the spinal cord from
a 12.5 mm height. The musculature was sutured, and the
wound closed using clips. Ampicillin/sulbactam, (Unasyn,
100 mg/kg, Pfizer, Seoul, Korea) was administered
intraperitoneally twice a day to prevent urinary tract infection.

2.3 Low level laser irradiation

A laser in the infrared range (ASA, Italy) was used with a
wavelength of 850 nm and continuous output power of 500
mW. The LLLI unit controls the output by modulating the
frequency of the cycle to deliver 0.08 J, 0.4 J, or 0.8 J. Rats
(n = 38) were randomly divided into one sham group (n =
11), and three experimental groups (n = 9, in each group),
each receiving different doses of LLLI: 0.08 J (n =9), 0.4 J
(n=9), and 0.8 J (n = 9). LLLI was transcutaneously
applied to the lesion site for 4 min 10 s, at a time point 5
min after injury and then daily for 21 days. The distance
between the laser head and the lesion site was fixed
accurately at 30 cm. During laser applications, rats were
gently handled and immobilized by an experimenter. Rats
in the sham group were handled identically, except they did
not receive LLLI.

2.4 Behavioral tests for motor function

Behavioral tests were performed before and after SCI at
days 1, 4, 7, 10, 14, 21, 28, and 35. The Basso, Beattie, and
Bresnahan (BBB) locomotor rating scale [24] and a mod-
ified combined behavioral score (CBS) [25] were used for
test motor function. The CBS assigns a weighted score to
particular tests, which are then combined into one total
score. Individual tests comprising the CBS are motor score,
toe spread, right reflex, extension withdrawal reflex, and
placing reflex. Motor function scores in the right and left
hindlimb were averaged.
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2.5 Western blot

The spinal segments rostral and caudal to the lesion site, at
the epicenter, and the L4-5 segments were collected from
normal rats and all groups including sham and three
experimental groups (n = 5 in each group) 7 days after SCI.
Tissues were homogenized in extraction buffer [S0 mM
Tris-HCI (pH 7.4), 1% Triton X-100, 1% SDS, 10 mM
EDTA (pH 8.0), 1% protease inhibitor, 150 mM sodium
chloride] and centrifuged. The supernatant was collected,
and assayed for protein concentration using the BCA assay
(Pierce, Rockford, IL). Samples containing approximately
40 pg protein were separated by 13% SDS-PAGE, and
transferred to a PVDF membrane for 2 h at 90 V on ice
(Mini-PROTEAN tetra cell; Bio-Rad Laboratories, Rich-
mond, CA, USA). Membranes were blocked in 5% non-fat
dried milk for 3 h with agitation. They were then incubated
for 12 h at 4 °C in primary antibodies, prepared in 5%
blocking solution at the following dilutions: anti-TNF-a
(Chemicon, Temecular, CA, USA.) at 1:1000; anti-iNOS
(Chemicon, Temecular, CA, USA) at 1:2000; anti-B-tubu-
lin (Abcam, Cambridge Science Park, UK) at 1:500,000.
After washing with TBST, membranes were incubated for
1 h at room temperature with peroxidase-conjugated anti-
rabbit IgG secondary antibody in 5% blocking solution at
1:6000 dilution (TNF-o and iNOS) or 1:100,000 (B-tubu-
lin) (Vector Labs, PI-1000, Burlingame, CA, USA). After
several washes with TBST, membranes were incubated
with ECL (Millipore, catalog no. WBKLS 0100), and then
exposed to medical X-ray film (AGFA). The densities of
specific bands were analyzed using Scion software.

2.6 Statistical analysis

All values were expressed as mean =+ standard error of
mean (SEM). Statistical significance was set at the 0.05
level. The Kruskal and Wallis test followed by post hoc
analysis was used to compare differences in the behavioral
results obtained for the three groups. TNF-o and iNOS
expression among groups was compared using one-way
analysis of variance (ANOVA), followed by the least
squares difference (LSD) post hoc test.

3 Results

3.1 Effect of LLLI on functional motor recovery
after SCI

Prior to spinal contusion, all rats showed normal gaits with
BBB scores of 21. Immediately after injury, rats showed
paralysis in both hindlimbs, corresponding to a BBB score
of zero. There was no significant difference in the BBB

scores among groups one day after SCI. Progressive motor
recovery was observed with hindlimb joint movement four
days after injury, and continued until days 35, as in our
previous reports [26]. At that time point, most of the rats
could step with their weight supported by their hindpaws.
Throughout the entire recovery period, LLLI-treated rats
showed more pronounced motor recovery compared to the
sham-treated rats (Fig. 1A). The BBB score of rats in the
0.8 J group was significantly higher than that of rats in the
sham group at days 4 to 35, after SCI, except on days 10
(P < 0.05). Rats in the 0.4 J group also showed significant
recovery of locomotor function compared to the sham
group at days 4 to 35, except on days 7 and 10 (P < 0.05).
There was no significant difference in the BBB score
between sham-treated and 0.08 J groups throughout the
study (P > 0.05). Marked differences in locomotor function
between the LLLI and sham groups were noticed at days
21, even though statistically significant differences existed
as early as 14 days after SCI. At 21 days after SCI, the
groups receiving higher doses of LLLI scored 15.0 &+ 2.76
and 14.00 = 2.24 on the BBB scale (for the 0.8 J and 0.4 J
groups, respectively), indicating consistently coordinated
forelimb and hindlimb stepping, whereas the 0.08 J and
sham groups scored 11.25 £+ 1.73 and 11.67 £ 1.53,
respectively, indicating uncoordinated stepping (Fig. 1A).
At this time point, although differences in the BBB scores
did not seem very large, the differences in terms of func-
tional gain were significant.

Simultaneously, the CBS was also assessed with and
without LLLI. Rats in all groups showed a decrease in CBS
over time during the experimental period. However, the
rats in 0.8 J group showed significantly lower CBS than
those in the sham group at days 4, 21, 28, and 35 after SCI
(Fig. 1B) (P < 0.05). Prominent differences in CBS was
also observed on days 21, 28, and 35 after SCI in the 0.8 J
group with accompanying coordinated stepping (Fig.1B) (p
< 0.05).

3.2 Changes in TNF-a and iNOS expression
in the spinal cord by LLLI

To investigate the effects of LLLI on the post-traumatic
inflammatory response after SCI, TNF-o and iNOS
expression levels were assessed. Basal levels of TNF-a and
iNOS were detected in normal rats. After SCI, TNF-a
expression was markedly increased at the epicenter of the
spinal tissue, but did not show a significant changes in
expression in the rostral, caudal, and L4-5 spinal segments
compared to normal rats. Transcutaneously applied LLLI at
the lesion site (0.4, 0.8, and 0.08 J) resulted in dose-de-
pendent decreases in the expression levels of TNF-a at the
epicenter in all LLLI groups (Fig. 2), and there were sig-
nificant differences compared to the sham group (P <
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Fig. 1 Effects of LLLI on motor function. A Changes in locomotor
function after LLLI (BBB score). In the 0.8 J group, locomotor
function recovered significantly from days 4 to 35 after SCI, except
on days 10. BBB scores for the 0.4 J group significantly increased
from days 4 to 35 after SCI, except from days 7 to 10. *P < 0.05.
B Changes in combined behavioral score after LLLI. CBS in the 0.8 J
group was significantly lower on days 4, 21, 28, and 35 after SCI than
the sham group. *P < 0.05. All data are expressed as mean = SEM

0.05). In the rostral, caudal, and L4-5 segments, the
expression levels of TNF-o were not significantly different
among groups. In contrast to TNF-o expression, iNOS
expression was significantly increased in rostral, caudal,
and L4-5 spinal segments after SCI compared to normal
rats, whereas there was slight increase in iNOS expression
at the epicenter. LLLI at the lesion site (0.4, 0.8, and 0.08
J) significantly decreased iNOS expression in rostral, cau-
dal, and L4-5 spinal segments (Fig. 3) (P < 0.05). Par-
ticularly, iNOS expression was significantly decreased in
the caudal spinal segments of all LLLI groups. In the L4-5
spinal segment, LLLI with 0.4 J and 0.8 J significantly
inhibited iNOS expression compared to the sham group.
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iNOS expression levels in the rostral segments were sig-
nificantly decreased only in the 0.08 J group compared to
the sham group. There were no significant differences at
the epicenter among groups.

4 Discussion

The present study demonstrated that transcutaneously
applied LLLI to the lesion site after SCI effectively
improved recovery of motor function and also decreased
the protein expression of TNF-a and iNOS in the lesion or
surrounding areas following SCI. Considering that TNF-a
and NO are active participants in the inflammatory
response to CNS damage, which is a possible mechanism
behind further tissue damage and functional impairment
after SCI [7, 27]. Beneficial effects of LLLI on inflam-
mation are well known in various pathological conditions
[19, 20]. Recently, experimental studies have demonstrated
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Fig. 2 Change of spinal TNF-a protein expression in the spinal cord
after LLLI treatment following SCI. A Representative western blots: a
comparison of TNF-o expression in rostral, epicenter, caudal, and
L4-5 segments in each group (n = 5/each group). B A quantitative
graph for TNF-a protein expression. A line presents the basal level of
TNF-a detected in the equivalent segment of the spinal cord of a
normal rat. LLLI significantly reduced TNF-a expression in the lesion
epicenter compared with the sham group. *P < 0.05. All data are
expressed as mean £ SEM
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Fig. 3 Change of spinal iNOS protein expression in the spinal cord
after LLLI treatment following SCI. A Representative western blots: a
comparison of iNOS expression in rostral, epicenter, caudal, and
L4-5 segments in each group (n = 5/each group). B A quantitative
graph for iNOS protein expression. A dot line presents the basal level
of iNOS detected in the equivalent segment of the spinal cord of a
normal rat. LLLI significantly reduced the expression of iNOS in the
rostral, caudal, and L4-5 segments compared with the sham group.
*P < 0.05. All data are expressed as mean £+ SEM

the neuroprotective effects of LLLI after CNS injury, but
the therapeutic effects of LLLI on CNS injury are still
controversial [21, 22, 28]. Detaboada et al. has reported
that LLLI applied at 24 h minimized neurological deficits
and improved functional recovery after stroke [21]. How-
ever, another study has showed that LLLI failed to improve
behavioral performance when transcranial LLLI was
applied at same time point [22]. Most previous studies
related to LLLI effects on motor recovery after CNS
damage have focused on brain damage. Only a few reports
show any evidence for significant LLLI effects on motor
recovery after SCI [28], and they only considered the
effects of a single application of LLLI.

In our study, LLLI was transcutaneously applied at the
lesion site. The doses of LLLI (0.08 J, 0.4 J and 0.8 J) were
chosen based on previous reports that LLLI was clinically
efficacious at doses 0.001-10 J/cm? [29]. LLLI had applied
at the lesion site 5 min post-injury and daily for 21 days
after spinal contusion. Motor function was examined for up

to 35 days after SCI to investigate whether LLLI can fur-
ther improve motor recovery, based on previous reports
showing that functional motor recovery plateaued three
weeks after SCI [26, 30]. The present results showed that
LLLI beginning 5 min post-injury improved motor func-
tion depending on the dose of LLLI after SCI in rats.
Higher doses of LLLI (0.4 J and 0.8 J groups) enhanced
recovery of locomotor function compared to the sham
group from days 4 to 35 after SCI (Fig. 1A). Interestingly,
rats receiving higher doses of LLLI showed improvement
of motor function till 35 days after SCI (the last day of this
study), even though LLLI had only been applied daily until
21 days after spinal contusion. Our findings are consistent
with a previous study showing that transcutaneous LLLI
promotes functional recovery after hemisected SCI in rats
[28]. They demonstrated that transcutaneous LLLI with the
wavelengths between 770 and 850 nm at the lesion site
penetrated to the depth of the spinal cord, and LLLI applied
15 min after injury and daily for 14 days restored the angle
of hindlimb rotation after SCI. However, this group
investigated a single dose (1,589 J per day) of LLLI effects
on specific and limited motor functions such as footfalls,
stride length, angle of rotation, and time taken to cross a
ladder.

Protective effects of LLLI have been demonstrated
previously, for instance, by the upregulation of heat shock
protein by LLLI in ischemic muscle injury [31]. However,
the exact mechanisms associated with the therapeutic effect
of LLLI on functional recovery after SCI are poorly
understood. Post-traumatic inflammation occurs within
minutes of SCI and persists for days, contributing to pro-
gressive tissue loss and becoming a major cause of motor
dysfunction [2, 3]. The result that LLLI during the acute
phase after SCI could induce a significant long-term motor
recovery suggests that LLLI has neuroprotective effects of
after SCI, and may work by modulating the acute inflam-
matory response at the lesion site. This is strongly sup-
ported by previous reports in which transcranial LLLI
during acute phase after brain injury provide long-term
functional recovery in rats [22, 23, 32]. Lapchak et al.,
showed that LLLI within 6 hour after embolic stroke pro-
vided long-term functional neurological benefits in rabbit,
but not LLLI 24 hours after stroke [22].

To investigate the underlying mechanism of LLLI
therapeutic effect, we analyzed the protein expression of
proinflammatory mediators after LLLI applied in spinal
contusive rats. Many studies show a more complicated
picture of secondary pathology which is characterized by
neuronal and glial apoptosis, increased blood-CNS barrier
permeability and neuro-inflammatory responses. Among
these, neuro-inflammatory responses are of central impor-
tance in the pathogenesis after SCI and can persist for
month or years after the initial trauma. Previously, the

@ Springer



62

Tissue Eng Regen Med (2017) 14(1):57-64

protein levels of TNF-a continue to increase till first week
after SCI [33], even though mRNA levels of TNF-o and
interleukin (IL)-1 are rapidly increased in most cellular
components of CNS within 15 min [34] and are reached
their peak after several hours after SCI [35]. Nitric oxide
(NO) is physiologically produced in small amount by the
vascular endothelium and neurons, however, NO concen-
trations which is mainly controlled by the pro-inflamma-
tory enzyme inducible nitric oxide synthase (iNOS)
immediately increase and then gradually decrease between
1 and 12 days after contusive SCI [36]. Immoderate NO
causes loss of spinal neuron and motor function, suggesting
that excessive NO production is the causative mechanism
underlying neurotoxicity [37]. Anti-inflammatory treat-
ment promotes axonal regeneration and functional recov-
ery after SCI [38]. Consequently, the pro-inflammatory
cytokines such as TNF-a, IL-1, IL-6 and NO dominates the
injured environment during the acute phase (within first 7
days) after SCI. This is the reason we specifically assessed
the protein expression of TNF-o and iNOS at 7 days after
contusive SCI to determine effects of LLLI on post-trau-
matic neuroinflammatory response, which may be the
possible mechanisms underlying the functional recovery.

A main finding in this study is that protein expression of
tumor necrosis factor o (TNF-a) was markedly increased at
the epicenter (Fig. 2), while inducible nitric oxide synthase
(iNOS) expression was significantly increased in the sur-
rounding areas (rostral, caudal, and L4-5 spinal segments)
after SCI (Fig. 3). It suggests that neuroinflammatory
response is undergoing to remote site from injured area. In
addition, LLLI did change protein level of TNF-o and iNOS
at the spinal segments at 1 week and motor function until 5
weeks after SCI in the present study. Previously, microglia
activity is appeared at an earlier time point (1 day) in the
epicenter, while that increases in the surrounding area from
epicenter during later stage (7 days) and reaches their pla-
teaus 2—4 weeks after SCI [39]. Activated macrophages and
microglia was inhibited by photo-biomodulation at the
lesion site on the spinal cord [28]. TNF-o activates macro-
phage and microglia [40], which produce inflammatory
mediators such as TNF-o, IL-1, ROS, prostaglandin and
iNOS through the nuclear factor-kB (NF-xB) pathway after
injury [6, 41-43]. Furthermore, TNF-o inhibitor adminis-
tration after SCI enhance functional motor recovery [9]. The
results suggest that a decrease in TNF-o expression at the
lesion epicenter in response to LLLI reflects the modulation
of the inflammatory response, including the activation of
microglia, and this can contribute to the recovery of motor
function after SCL.

On the other hand, upregulation of iNOS expression in
the tissues surrounding the lesion epicenter after SCI that
are not directly damaged by SCI, but could be susceptible
to secondary injury [14]. This results suggest that a rapid
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upregulation of proinflammatory cytokines TNF-o and
iNOS at the primary injured site after injury, which extends
to rostral, caudal and L4-5 spinal segments as a remote site
are undergoing delayed secondary injury after SCI. Inter-
estingly, transcutaneously applied LLLI at the lesion site
inhibited the increased iNOS expression in surrounding the
lesion epicenter, especially below the level of injury in
both caudal and L4-5 segments, compared with the sham
group. Several studies showed that the motor function can
be improved after SCI by modulating iNOS [14, 44]
including our current results. Segmental administration of
aminoguanidine, an inhibitor of iNOS activity, improved
locomotor recovery and reduced the tissue damage after
SCI [14]. Following SCI, phagocytic stimuli boost the
generation of reactive oxygen species (ROS) [45], causing
oxidative stress in tissues, which could contribute to
locomotor dysfunction [46]. ROS activate NF-xB and
increase iNOS expression, which directly damages vital
cell components [47]. Recent studies showed that long-
term repeated LLLI is associated with a ROS reduction
[18, 48]. In addition, Yune et al. reported that inhibition of
TNF-a reduces the expression of iNOS gene after SCI [49],
suggesting that the decreased TNF-o expression at the
epicenter by LLLI, as seen in this study, might affect iNOS
expression in more remote sites. One possible explanation
is that decreased iNOS expression in caudal and L4-5
segments, distant site to the primary injury by LLLI may
affect lower limb motor function by reducing the neu-
roinflammatory-induced further tissue damage after SCI,
thereby contributing to improvements in motor function.

It is well known that overactivation of macrophage and
microglia at the site distant to primary injury in chronic
stage of SCI can persist neuroinflammatory responses for
month or years after the initial trauma. Thus, the effect of
LLLI on the neuron or glial cells proliferation, in chronic
phase of SCI are an interesting question to elucidate in
further study.

In summary, this study demonstrates that transcutaneous
LLLI to the lesion site improved motor recovery and
suppressed TNF-o and iNOS expression involved in the
post-traumatic inflammatory response, in a dose-dependent
manner. This study suggests that LLLI application during
the acute SCI could help promote motor recovery by
modulating the inflammatory responses. These finding
support the idea that LLLI has clinical potential as a
noninvasive treatment tool for SCI.
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