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Abstract

Background and Purpose— ow-level laser therapy (LLLT) modulates various biological
processes. In the present studlg,assessed the hypothesis that LLLT after indoaifcstroke
may have a beneficial effect on ischemic brairugss

Methods—Two sets of experiments were performed. Stwke induced imats by (1)
permanent occlusion of the middierebral artery through a cratomy or (2) insertion of a
filament.After induction of stroke, a battery of neurolodiaad functionatests (neurological
score, adhesive removal) was perforntamlr and 24 hours poststroke, a Ga-As dioder
was used transcranially illuminate the hemisphere contralatei@the stroke s power
density of 7.5 mW/cf

Results—In both models of stroke, LLLT significanttgduced neurological deficits when
applied 24 hours poststrok@pplication of thelaser at 4 hours poststroke did not affdet
neurological outcome of the stroke-induceatls as comparedith controls. There was no
statistically significant differende the stroke lesion area between control laser -
irradiated ats. The number of newly formed neuronal cells, assebgdouble
immunoreactivityto bromodeoxyuridine and tubulin isotypeas well as migrating cells
(doublecortin immunoactivityyyas significantly elevated in the subventriculane@f the
hemisphere ipsilateraéb the induction of stroke when treateg LLLT.

Conclusions—Our data suggest that a noninvasive intervertidr LT issued 24 hours
after acute stroke may provide a significamictional benefit with an underlying mechanism
possibly beingnduction of neurogenesis.

I ntr oduction

Low-level laser therapy (LLLT) has been fountlb modulate varioubiological processes
such as increasing tochondrial respiratioand ATP synthesis, facilitating wound healing
and promotinghe process of skeletal muscle regeneration anogemesis=It was
previously shown in an experimental model of tHarctedheart that LLLT had a profound
cardioprotective effect, resultimga 50%to 70% reduction in infarct sizetd 6 weeks
postleftdescending coronary artery chronic occlugigiThiseffect was partially attributeib
a significant increase the number of intact rtochondria and ATP content as well as



inducible heat shock proteins and cataladeser -irradiatednfarct induced hearts ofts
and dogs as compared with nonirradiatres™°

LLLT has also been shovin biomodulate processes in the nerveystem. Anders etfl
recently reviewed the beneficial effeofdLLT on functional recovery of injured periphéra
nervesThe effect of LLLT on stroke has been investigated limitedextent. Leung et &l
have shown that LLLT in strokedts causesuppression of nitric oxide synthase activity and
upregulatiorof TGF-R1, which are considered neac and neuroprotectivegspectively. It
was also recently demonstrated that transcrariraredlaser therapy applied 6 hours
postembolic stroke irabbitd® and 24 hours postischemic stroke as™ causea significant
improvement of neurological score over sham-opdetperimental animals. Light-emitting
diodes were also showao regulate cyochrome C oxidase, leading increased energy
metabolism in vitro in visual neurons functionaactivatedy toxin (KCN) .22 Given the
therapeutic benefits demonstratedLLLT in the myocardial infarction setting ants i
promisingresults after application in stroke-induced rahHitse investigateth the present
study the effects of treatment of stroke With T initiated 4 and 24 hours after stroke onset
in rats ontheir functional neurological outcome. The possibkchanismassociated with
this phenomenon were explored using immunochenacalization of several markers.

Materialsand M ethods

Animal Models and Experimental Protocol
The institutional animal care committees of the iydford HealtlSciences Center and Assaf
Harofeh Medical Center approved etperimental procedures.

Two sets of experiments were performed. In expaririestrokevas induced in 43 adult
(280-320 g) male Sprague-Dawlags (Harlan Inc, Rehovot, Israel) by permanent middle
cerebrahrtery occlusion (MCAOQO) through a cratemy. Experiment 1 wadesignedo
determine the appropriate timinglaser applicationRats were killed 21 days poststroke and
mortality rate was 16%seven of 43 ats) upto 3 weeks fdlow up. Experiment 2 was
performed using delayed (24 hours poststrééesr applicationbased on results from
experiment 1) with more sensitive behaviomlirological tests and immunotashemistry
with a longer fdlow-uptime (30 days after induction of stroke) for indioa of enhanced
neurogenesis. In experiment 2, permanent MCAO waisded irl8 male (270-300 g) Wistar
rats (The Jackson Labarmary, Bar Harbor, Maine) by means of a flament insettedugh
thecarotid artery, as previously descridéd? Mortality ratewas 17% (three of 18ats) for

the 4-week fdbw up. In botrexperimentst ats were initially anesthetized with 3.5%
halothanend maintained with io 2% halothane in 70%J® and 30% Q All ratsin
experiment 2 received a daily intrageneal injectiorof 50 mg/kg bromodeoxyuridine
(BrdU) (Sigma) starting at Z2@burs poststroke initiation for 13 days. A cath€RIE-50)was
insertedo the right femoral artery for continuous @up7 days) monboring of mean arterial
blood pressure and obtainibpod sampleso measure glucose, pHog and po,. Rectal
temperature was measured during stroke inductica thgrmocouplélhese measures were
in normal range in both control afaber -treatedyroups in both experiments (data not
provided).

Neurological Functional Tests

Rats were scored for normal neurological function (sed))before the induction of stroke. In
experiment 1, altats werescored for cumulative neurological deficit at 3 fopoststroke
using the fdlowing criteria: extension of forelimb, body twistingnen lifted by the tail, beam
walking, resoration of the forelimho the original position when displaced, grasping and



balancingpn a 2-cm wide beam, tenderntojleanto the contralateral sidand walking
behavior™ Therats (37 of 43rats that survivedfter stroke induction) were then randomly
divided irto threegroups with similar neurological score. One groegved ashe control
(n=12) and the other two &aser-irradiated groupfaser irradiated at 4 [n=12] or 24 hours
[n=13] poststrokeNeurological scoring was performed every altermia untilkilling at 3
weeks poststroke. In experiment 2,ralls (h=18)were scored 24 hours poststroke for
neurological deficit accordirg the modified Neurological Severity Score (MNSS}
mNSSis a composite of ntor, sensory, reflex, and balance téétdeurological function is
graded on a scale oft® 18 (normakcore is 0; maximal deficit score 18). One scoratpe
awardedor the inabilityto perform the test or for the lack of a testeftex; thus, the higher
the score, the more severe the injUilyeser ats were then divided o three groups (fiveats
in each) so that the sum of mMNSS scores afaafl in each groupvere similar. The mNSS for
therats ranged from &o 10 in eaclgroup 24 hours poststroke. One group served asatont
and theother two adaser-irradiated groups (continuous wave [CW] grused mode [Pu]).
Both mNSS and full and half adhesive remaeats? were performed weekly poststroke for 4
weeks. In thadhesive removal tests, two small pieces of adbdsackegaper dots (of
equal size, 113.1 mihwere used as bilatetaltile stimuli occupying the distal-radial region
of each forelimb. The time taken by the taremove each stimuldisom the forelimbs was
recorded for five trials per day. Befaergery for stroke induction, the animals werenedi
for 3days. If therats were abléo remove the dots within 10 secontli&y were subjecteit
middle cerebral artery occlusiohoincrease the sensitivity of the adhesive remosdl te
duringthe recovery, at 21 plus days, adhesive tabs werna tialfto 66 mnf. Measurements
were performed until all target talvere removed. All neurological scoring was conddcte
using adouble-blind experimental design.

Laser Treatment

A Ga-As dioddaser wavelength 808 nm (Phathera Inc) was used the study. Théaser

was used transcranially on the expo@ved skin) skull by placing the tip of the filogtic
(4-mmdiameter) oto the skin at two locations on the head (3 mm dacstile eye and 2 mm
anteriorto the ear) on the contralater@misphereo the stroke. These locations had been
determinedrom prior measurements be sufficiento illuminate one braihemisphere as a
result of dispersion of tHaser beam by thekin and the skull. LLLT of the contralateral or
both hemispheraetemonstrated no difference in functional outcdfiehelaser irradiation
power at the tip of the fiber optic was segivea power density of 7.5 mW/cnat the brain
tissuelevel. Thisoptimal power density was determined based on mwiqgus studiesn the
effect of LLLT on the ischemic hedrnd preliminargxperiments in stroke-inducests.
Thelaser power densityt the brain tissukevel was determined in preliminary experiments
with fresh skull using &éaser power meter (Ophir Indp measuré¢ransmission through the
skull and an infrared viewdo measur¢helaser beam diameter after dispersion through the
skull. The duration ofaser irradiation was 2 minutes (energy density.9 J/cm) at each
point on the skull. In experiment 1, tlaser was set on CW, whereas in experiment 2, both
CW and pulsechode (70 Hz) werepplied at a power density of 7.5 mW/énControlrats
were sham-operated but tlaser was not turnedn. Possible heating effect by LLLT was
measured by thermocougieobes inserted o subdural region. Results indicated minimal
heating of approximately 1°C at the subdural reguenlaser light was delivered at four
times (3.6 J/cfl) the optimaknergy deliveretio the stroked ats (0.9 J/crf). Furthermoreno
pathologic changes up 3 months were noticed in rat bralased at a X0dose of that
previously mentioned (75 mW/éfor 2 minutes):®

Histology and M easurement of Infarct Volume
Rat brain tissue was fixed by transcardial perfusiith salin€ollowed by perfusion and



immersion in 4% paraformaldehydée brains were then sliced@2-mm thick cross-
sections throughotite brain (experiment 1) or coronal sections froegima —1o 1 mm
(correspondingo center of the ischemic lesion) wéa&en (experiment 2). Sections were
embedded in paraffin. Lesimolume was measured by calculation from a seriegwén
hemaoxylin and eosin-stained sections as previously desctbEde lesiorvolume is
presented as percentage of the lesion volume cauywéh the contralateral hemisphere
volume.

| mmunohistochemistry

Immunohigochemical staining was used for localization of bool@oxyuridingBrdU, a
marker for proliferating cells), tubulin isotypé (TUJ1, an early neuron marker), and
doublecortin (DCX, a microtubuf@otein expressed in migrating neuroblast in emiig/and
adultsubventricular zone [SVZ#]). These markers were traced in cillthe ipsilateral
hemispheres’ SVZ. SVZ area is defiredshown in Figure. Briefly, standard paraffin
blocks werebtained from the center of the lesion correspamtircoronalkcoordinates for
bregma —1o0 1 mm. A series of 6-pmhick sections at variousvels (100-pum interval) were
cut from this block and analyzed using light andfescenticroscopy (Olympus, BH-2).
BrdU immunohisochemical analysi@ mouse monoclonal antibody [mADb] against BrdU,
1:100, BoehringeMannheim, and TUJ1 monoclonal anti-B-tubulin isayp [1:400

dilution, Sigma]) were used. In addition, DCX (C;®at polyclonalgG antibody, 1:200
dilution) were performed. BrdU-positivells were measured in the SVZ of the ipsilateral
hemispherérom an average of five equally spaced slides @gpratelyl00-um interval).
For quantitative measurements, staioeits in the SVZ were digitized under ax2@bjective
(OlympusBX40) using a 3-CCD color video camera (Sony DX@D) interfacedvith an
MCID image analysis system (Imaging Research)daitalizedimages were then contrast-
enhancedo clearly differentiat@ositivity from background, and a thresholding dare
wasestablishedo determine the proportion of immunoreactive avéhin each fixed field of
view. For BrdU, the results weespressed as number of positive cells per unit 8k&a For
TUJI and DCX, data are presented as a percentggestaiveimmunoreactive area within the
total area of the ipsilater&VZ. Cells that immunoreacted bdathBrdU and TUJ1 in the SVZ
were expressed as percent oftihtal BrdU-positive cells ithe SVZ.

Figure 1. Representative schematic cross section of rat
brain indicating lesion area in the stroked rat€¢@nd
subventricular zone (red-colored area).

Statistical Analysis

One-way analysis of variance folved by Student Neuman Ketst was used (using Sigma
stat [Sigma] software). Data gyeesented as meanzSD. A valudPef.05 was regardeas
statistically significant.



Results

There were no statistically significant differenaestrokdesion volume between control
(10.8+2.5%) andlaser -treated8.8+3.7%)rats in experiment 1.

The neurological scores of the contrats andlaser -treated ats 4 or 24 hours postinduction
of stroke and contralats (by cranidomy; experiment 1) are presented in Figurdl2e
neurological score was significantly reduced fromezks onwardfter induction of stroke in
theratsirradiated withlaser 24 hours after stroke induction. At 3 weeks posksy theravas
a highly significant P<0.01) reduction of 32% in threeurological deficit in théaser -treated
rats relativeto controlones (Figure J1 At the same time intervals, thats that hadeceived
thelaser treatment 4 hours poststroke did not sisamificant reduction in neurological
deficit relativeto thecontrol nontreatedats.

A Laser treaireand 4 hra poad shrois

Figure 2. Neurological score of control amaser -irradiatedrats

x _ """ (A) 4 hours and (B) 24 hours poststroke (middlebeal artery

i1 B - | occlusion by cranimmy, experiment 1) upo 21 days poststroke.
I I Statistical significancéevels are: P<0.05 and *P<0.01.
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Figure 3presents the results of neurological scores fropeemen2 (MNSS and time taken
to remove the adhesive tab from the forelimb28 days poststroke. The sham-operaatsl
recovered at thisme interval from a score oft® 10 at 24 hours poststrol@a score of
3.84£0.7. At the same time interval, #wore of the LLLTrats was 2.0+0.2. Thus, there was a
significant <0.05) 47% improvement in the overall mMN&®re of CWaser -treatedrats
versus controls. A trend of improvemevds also observed in the puldasger but was not
significant.The timeto remove the full and half adhesive tab, at 28 gagsstroke, showed a
highly significant P<0.01) 58% improvemeim the CWlaser-treated versus controéts
(Figure 3. Whenrats were irradiated with pulsddser, a 40 and 46%R<0.05)improvement
in full and half sticker removal time, respectiveias observed at 28 days poststroke.
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«—- Figure 3. (A) Mean overall score and timie removal of (B) full and
o (C) half adhesive tab of control ataser -irradiated (24 hours

b . l] poststroke) ats at 28 days poststroke (filament, middle cerebral
T artery occlusion, experiment 2). Statistical siguaifcelevels are:
*P<0.05 and *P<0.01.
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Quantitative and qualitative results of immunoresist to TUJ1, BrdU, DCX as well as
colocalization of BrdU/TUJ1 in theVZ (ipsilateral side) in control ardser-treatedrats in
experiment 2 are presented in Figurd Be number of BrdU immunoreactivitglls as well
as percentage area of TUJI reactivity in the ipsilSVZ was approximately twofold
significantly higher in the C\Waser -treated brains as compared with controls (Figjre 4
Percentagesf DCX immunoreactivity of the SVZ area was sigedintly (P<0.05)elevated
(75%) by thdaser treatment relativéo control. Theesults also indicate that application of
the CWlaser was folowedby a twofold, significantl<0.05) increase in the percaficells
expressing BrdU/TUJ1-positive double immunoreattiviihe pulsedaser application did
not cause a significant increasghese parameters relatik@noriaser -treatecr ats.
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Figure 4. Representative micrographs and quantitative
immunoreactivity of (A—C) bromodeoxyuridine (BrdU),
(D-G) tubulin isotype Il (TUJI), double staining o
(H-K) TUJ1 and BrdU and (L—O) doublecortin (DCX)
of control andaser -irradiated rat brain sections of the
SVZ of ipsilateral hemisphere. Note higher numkfer o
11 cells per area positively reactibg BrdU, TUJ1, or

— DCX in the section derived frohaser -treated brains vs
control ones. Arrows indicate cells that are puslii
stained for (A and B) BrdU or colocalization of (5—
TUJ1 and BRDU or (L—N) DCX. Digitized images
were contrast-enhanced clearly differentiate
positivity from background (see Methods). LV, |ater
ventricle. Bar=50 um.P<0.05.
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Discussion

The results of the present study clearly indich#s transcranidlLLT applied at a delay of
24 hours but not at 4 hours (MCARrough cranitomy) after induction of stroke
significantlyimproves the neurological function dts after the insultThe possibility that
LLLT applied at 4 hours poststroke in tNMECAO through cranitomy in a rat model did not
change neurologicalutcome, but could demonstrate a different efiethe MCAGthrough a
filament model cannot be ruled out.

These results reinforce a previous study also dstretingsignificant neurological outcome
improvement by means of transcrahibL T (CW and similar parametet® the present
study) giverupto 6 hours after embolic stroke in rabbftand 24 hourpoststroke imats!

At 24 hours poststroke, the LLLT did riotprove neurological outcome in the rabbit madel.
It may bepostulated that the different findings are a consege othe models used, which
differ from each other both in aninsgdecies and the method of induction of stroke (tgho
filamentor cranidomy inrats versus injection of microbeads throupk carotid artery in
rabbits).

The biostimul#ory effects of LLLT have been investigated otrex yeardo a much greater
extent in the CW mode than the pulseade! Furthermore, there are no publications on
attenuatiorof ischemic tissues by pulséaker. The present study demonstratieak using the
specific frequency of 70 Hz in the pulsed m¢aled same power density as the CW mode),



the beneficial effeaf the CW mode was superitw the pulsed mode for the stroke-induced
rats. Yet, it should be noted that a beneficial efi@as observenh the adhesive removal tests
in the pulsed mode. Thus, ttieerapeutic effects of frequencies other than 70ddmire

further investigation.

Significant improvement in neurological outcome wias evidenbefore 2 and 4 weeks
poststroke in the rat model in which strekas induced through cran@nmy and filament
insertion, respectivelyt is therefore reasonable assume that thaser irradiationinduces a
cascade of processes that result in part from ti@huaf neurogenesis and migration of
neurons and neuron-supportogls. This hypothesis is supported by the absehee
reductionin lesion volume by thiaser irradiation. Furthermore, ttsggnificant increase in
cells that are double stained for Brdhdd TUJ1 in the SVZ of the LLLTats lie credencéo
enhancedhduction of neurogenesis by LLLT. Also, the preseof largenumbers of cells
that positively immunoreatcb DCX in the SVZ0of laser -treatedr ats suggests that increased
numbers cellthat migrated from SVZo the infarcted area in the ipsilaten@misphere
contributeto the improved functional performanckthelaser -treatedr ats. However,
mechanisms other than neurogens®y be associated with attenuation of the behaviora
deficitsin stroke-inducedats by LLLT. Indeed, it has been demonstrateat the mechanism
of laser action on the ischemic heart tissuel myogenic cells is associated with upregulation
of heat shockroteins, increase in antioxidaftsand angiogenic activitfas well as
antiapopotic activity2® Thus, the beneficial effeat the LLLT on stroke-induced animals
may be achieved by attenuatminseveral processes in concert. It was previosisbyvn that
LLLT upregulated TGF-31 in the ischemic brain, whgconsidered neuroprotective, while
concomitantly suppressimitric oxide synthase.

In conclusion, our data demonstrate that @¢#r irradiationof rat brain initiated 24 hours
poststroke promotes t@sationof neurological function. These data suggest thafl.
warrantdurther study as a potentidder apy for stroke.
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