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A study on optical imaging of spreading depolarization and its photobiomodulation
in central nervous system disease
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To understand the pathophysiology and to develop a new therapeutic technique for
ischemic stroke, we performed near-infrared (NIR) diffuse reflectance imaging for a rat stroke model and
examined whether an infarct core and periinfarct depolarization (PID% can be visualized by detecting
light-scattering signal. After middle cerebral artery occlusion, light scattering increased in the
ischemic core, around which a wave-like scattering change was generated and spread over the cortex
repetitively, indicating occurrence of PIDs. The region with increased scattering in the ischemic core
was thought to reflect cell morphological change associated with infarction. We also performed 808-nm
low-intensity NIR laser irradiation to the rat brain and observed that both total number of the
occurrence of PIDs and infarct region tended to decrease. These results might be caused by an increase in
mitochondrial energy production by 808-nm NIR laser irradiation.



1. WFFEBRAE S WD 5

MR ZE Y, TR E O TRIK O B4
YD, mEARMTETHLEDOHRDOERE
FEIZ LV BE L FOFHIKRE AL R
W5, BEAMEIZITON TV D AR A

3K rt-PA (recombinant tissue plasminogen

activator) % FH W -IRFBHIC & 21891,

FAEW% 4.5 FFR LI S b2y, i
PEAGHE 2 RET D 7= O TRITFR SRR D
RV, Z O MmAREMEEED, BUEAR I
TWAED IRV RFEZEIRRE OO & > ([EHSH
TlIME—) TH D, ZORDSLR5EM
PEAMFEFE DS REMRRA & 1RHIE DRI AR O
HNTEY, FITITRE S IBEDR L IE
REVTNIALTE=L) T (L A—
D7) TARHMOMSLIN AR RTH D,
RS BMZME 5 &, By TRilak o A 4
VIR TTREREMHRE L, MIREA L TK
BOAFOWMHPANERE S5, ZOBISRIT
2 PR 7o 1 R S 0 M8 (ischemic
/anoxic depolarization) & FEIZiL, A 4
DEVELICKEOZ R LX—ZIHE L,
AR 2 = L X —fERER 7R RE ISR D D
12 WA AR D 7o < =R L X — )3 H]
BT IUTHBIIAEFETE DR, E<Fi< &
AR (F%E) 12X 5, Z ORoE
IXRFTIC MY K US4 L CRLZERR o JF I
TO LB T2HERH Y, HIER
553 (peri-infarct depolarization: PID)
EREIEN D 2, RSO REE ()T D)
TITAEAR T MR Tz & EX AR 1E
REEIZH B, =X —nREIETIA
FAfEL &5 ¥, Z 212 PID A%%, Ix
WIS O = VX —hENE &, &
BHEOILKIZORMNDERMENRSH D 2, £
DT DO IFEZE DR RERIE211X, PID & #H%E
B _Fo7T (Mo mRwwE) o
LN EECTH Y, ZIUTITH - e
INGRE LUV O TEREE Y & IR T B S AL
EENENREEIRb EELZLND,
—7F, BENEO RV LTRSS E
KA BE TR RS2 L, T h= R
T OEFRENSPMEE SN ENmb
TWb 9, BT oERKNHERTHDL T N
rsuahbcAXE—F (CcO) I~
DRI GBI RS 2 S R 2 LT
5o CcO TiX Oz & NO 235 A L CTHEILEH
BT EEEEGHE L CEY, CcO
Kz T 5 & NO 2SRt =, Zhic
LD EFREMELE XL ATP BEANE K
THLEEZLNTWD, it L7- NO (L
EHFRERIC X 0 M ARSI 5, B
EF TICRYEIREIEY, BEIMESF B
BT DRI sEI I, PR A
WA SIVTW D23, oo filfE - #i
(BT D AFZEIE 2 E THE N,

2. WO BEW

AKX, 7 v MFEZEE T LV ERRICH
FONEMESNEEE BT L D FIZER, )
7S5 B IO PID O34 LA AL

TEDOIMNHARDZEEZERE Lz, £
FEEEDFT- 721 IE L LT, HEREOIK
W T ARSI R AY PID Z 480 - $ T &
B9y, F T ZAUOSEZEREIE O/ INCEE T
DB NEELA A — v 7 L RS A A
IZ&Z VT,

3. WHEDTIk

AWFZEIZ D 5T X TOEYERIT, Bif
ER R ERMEE B2 X DA
ExTTITbhic

(1) 7 v MHEIEET L O/ER
Sprague-Dawley 7 > ~ (10 #fn, X,
HART ATV —) Zxgic, ~<v h3r
v 4 —LF U A 50 mglkg DREIENE
BAZ X 2 BRI TICBRE A [EE L, ACSETAE
(BHTEER & RIBEES) Z @ Lo, FoRMME)
Jk (middle cerebral artery: MCA) D72z
NEERAHE OBHTEE %, WAL KU L% Fun
TH 3 mmX4 mm OESFICEHAEL, &
H L7 MCA #EXR A ALV EEFEYIE L
M3 2 T L 72,

(2) VTARIMIEE S S & BRI e O [ RE A A
-7

B 1 iCEBREER AR, 7y NEEOL
HeBk (EBHTEE I L OVEEEES, B
To) BXBRIZ, L—P—Ay 7 UMFTE
BiEEE (0Z-2, A AT =2—7) ZHNT
MR i A B A L, [Al3EfE D CCD # A
Zear 77 (R 800240 nm @
N RRAT 4 VA — LAY THER)
Z RO TR B O BUS 217 -5 72,

ML FRE G A ONIRTH HFE 780 nm D
KL —H—&, JEBEHCERH O N7
FUTUTDRNIENEN Y ¥ v X — %%
&L, MBZZEICYY Rz, ZiCRW
L7-EG S %1772, MCA HZERIB X
OBAZE @ 90 43, MMM & ik S
DREFA A=V T & fT o712, BREERIIAN
FeaEE, FRUSOEB IR IES T
MRk 2822 U7-, MCA FHAZEIC L % iHH
kO BEL O W22 I AL 2 ff AT 9 5 7= 9,

MCA PAZE% O KL O Eifg ) & PHIE B
DR ZBE L0 mEig & Bk LT,

— F

Shutter
controller

CCD camera

Halogen lamp

go

Y Qs/ :BPfilter

Shutters

Polarized
filter

Image processor/
controller




(3) BRI ARIEIRETIC X 2 SE1RIFR IR
BB N2 v FEARNAZEE L, bl L7207
R L0 I ARAMEES Y CEBGELE &)
LRI FE D RIRFA A — v 7 & BtR L 7=,
FENT MCA FAZEIC LW BEALERLL, #
DEEN S ERERICELE 14 mm TH
£ 808 nm DFE(R L — P —H & EH Ry
—ZZEE 160 mW/em2, /L 240 K U JE
%100 Hz T 2 /o[RS L7z, JERREHAT
%90 4yfElA A — v 7 %217 PID O34
LRI DB A T -T2, B H TTC Yt
(%) (2 X v FEEMHER O 21T - 7=,
808 nm VT IRAM G HREIHE & FIEMRGIEEC PID
DFAEF, IEDZE(, HERRIE
WS SN D DR AT - T2,

(4) 5 FERE I O FHAM

TTC (2,3,5-triphenyltetrazolium chloride)
Yuta 1T & 0 R ZE R A A L 72, RIS E
FEIEI har RU T OEREZEELE 35,
EFHHEOI ha> R T7IX TTC ZEE
PEE RV~ B TR TT U 2 R e G
B H0\x L, HEERITRAa I T A
{FD, 3TCD 2%TTC HEHIHEH L 7=h%
ZIRIEL, 30 kIOl Z21To7,

4. HFFERE

(1) PID EHHZEH - _F 7 T OURIME
WEH A A= 7

B 2127 v MYEZET T VA XM RIZITH T2
EARIMIEE ST oA A —2 0 7 B oo — 143
B9, X 2a ASTARAMIEEUC S O o
1, X 2b-h 7% MCA PAZELH 12~16 /3iZ
B 5ESEE (MCA HZEHE®%OEGE T
W) Thsd, CheERUHEBEE2L—P—
Ay 7V E G E TR LT R e
X 3 1277, MCA PAZERTO MR (X
3a) TY FICAXDMEN MCA THY,
INEHELIEBRKE XA A - T %
90 min 1T > 7= D MR EE X 3b TH 5,
AR S M i e pEak (R af. Fhosisls) &2 3%
L/‘(b\éo

MCA ZPHZET 5 L, B a8 1
EAZ D6 R M D EAF T I B WV CTHEIN LI
U (BELEEIN) , Z DD ST ) & ik
DOWELALFE L, B .LEofE Y %2
FEMEI L7223 & 2R 2RI aik L 7=
(X 2b-h), ZOEELZLOWE XM KL
FEAEL, 2b-h A7 v MZEIT D 2 ([
H OWAR OHELEA L DA, BikE R LT
W5, IO CIEEELTED L (X
2b &HI), D% EELOBINGEE M ME L,
FNEB D KO ITHUELED fE Ik A e 7
(K 2ch), [ET > FTIE, ZORGELE
DA 90 min T 10 [FIFEAE L, {siE X
% 2 mm/min Tholz, ZiUT—xms
PID oA Sl EICFRCTH Y
25, BID T v N &XRITIT - T2 B ELLD
FHENE R 5 L REZESE DBy (PID) @
FELIGER L TWD Z BRI,
Mo 3BDT > MZHONWTHEREZITo7-

+AR
2 T v MNEZETE T L ORI R

YA A=V T ORER, (2) BIREHE, /235
SHESA, ARRBESACTH D, b)) A7
Mz % 2 [E B O PID 342 L A IEB
S 2, AT MCA BHZER T 6 ORI
B XA R O PR Y 8 0> 5 MCA B
FEE% OIEH Yl g 25 L7k R 2R
4. (b)DRENE PID O3AHE%, (0)-(hod
KEAIT PID 12 L AHELOW 0T 245 LT
Do

Cranial window MCA

3 MCA PAZERIR D L —H¥ — 2y 71l
Mg, (a) MCA PHZERT, ASHIBIA L 75
#7$, (b) MCA PAZEMR, MR it i iR
BART,

b HELZA L oo B D A [EIE I 4~10 (=],
(EHEE 1T 2 mm/min Th o7,

MCA PAZEF, R OEs AT Tl
D (PID) D FEANT RV EEL AR | 1
ML, MOZOmBEIIIEAT HHmE R L
776 4a 1%, 2 LREILCT v bOFRE—FE
PPz D5 MCA FA%EH S 90 min #% (10
a1 PID F&4E1%) OPEES D257 i



Xl 4 (a) MCA FAZED D 90 4314 DUTARAMILEL
Ao ZE g, AR IXIX 8b &R U i
WA & o=, (b) TTC Yeta il L 0 340 L 7= 4
FEREIK,

oY, AGERITRROER KM 2B 2 7268
AR LTS, HELEINGEER XA R T
TR OEICER Y, oMkt 24 B
M4 (CREAM L 7= B JE 5L & Ml —F L 7=
(K 4b), FexIXLITHERIZRBNT, MR
FERA R D AR o B ELEE N A Hi i
DA EHHEEICRER T L 2R LTz 6,
A A 2R S 7 1 D N O BELEE AN I,
MM X DA OB G LE AU BhE S
LI AT b D LRI D, —
77, PID \ZfE 9 BELAL O IE, BELOM
D EBIMOW T NS0, ZhbiHo
AT X 2 BEELIs Y (BELIRES B D))
HHNEI Far R 7 oAb Rhk 2
DOIERERH (dendritic beading) |2 X 5k
SLEN BELRARE OB kDb oL
Heg2 S 78, F7- PID 13— %Iz ~<F
TITRAETLHZENMONDD, K 2b
13 PID O AR S A AR LTS, T
DOFERIL, RIA A=V THERRF T T
WETAEmbIREEL Y22 2R LT
éo
LEDOFER LY, 7 v MNfEET VA
w5 L LT RAMIEE S oA A= T
IRV, HEELE IR D = %R, fHZE
gk (RF 7T, B I OMEZE LI
ok (PID) #WR[fEfEL 95 Z ERN/REh
7= £ TWRIZ, [FA A—V v 7% PID
DE=HFY) L ZICAWT, RBEERAL
MGz L 0 PID 230 - HlE <405 5 0
R EREITo T,

(2) BRI IRIEIRETC X 2 SET1RIFE R
7 v MEREZEE TV A X, KR TR
S L—HF— LS A PID D3 A A1, i
Tk L O EEEIC 5 2 5 BIc > X TN
7o L= —HOEEIE, I barKIT
DEFICERKRIEREFZ Y 7o b e AF
=T ORI R AE B L 808 nm & L
Tme FT BB SLMEIXITHRICBWT
ATP FEAM KB ENRE SN TNDLH D
IZHEL 7=,

808 nm DWMRE 21T - 7-fE R, Mm%
90 min B PID O3 ARSI IERARET
7.9+3.9 [0 (E¥)+SD, n=8), &K 15 [H
TholeDlzxt L, XTI 5.221.9
[l (n=6), &KX 8ELIKTFL, MatFnfa

Total number of PIDs

Control Light irradiation

” (b)

Total number of PIDs
(4]

~N

Control

Light irradiation

5 FENMIEE (my bu—L) &CmEREE
To PID OFRERFOLEE, () T v MED
PID 4 F#, () 8D,

32 (a)

50
40

30
20
10

0

Control Light irradiation

Infarction %

60
50 T (b)

40

30

20

Infarction %

10

Control

Light irradiation

6 FENHEHHEE (2 br—) EOGRGHE
TOMERBEOLE, () 7 v MEOMER
R, (b) ¥ +SD,

BEEIIAONE ST D0 PID O
fEE AR == (X 5), —JF, JHEHET
% OMRMIRER I SN T L& = 5,
S FREHRE CIMFEHE K &2 n R RIS iT e b
Do 7223, FEFEREIRIZ DU THRMT L 7= b 51,
FERREIRE CIEE L ER AT 5 D D ZE g



DOEIGD 34£16% (F¥ESD, n=8) TH
BHOITXTL, HREHEEETIE 2827T% (n=6)
LY, MEFFENAEEZEIIRON -7
B DD IR CHREZE O/ IMER A R b
72 (K6), ZAbDRERIZ, (KH iRk
SRS A, FHZEJE 3 B 53R oD H ) & FE ZEA
INC—TEDIREFETAHAZ EE2RETHE
DEEZBND,

W43 A D 1l & BEFEAE NI OIS,
YhruahceAFUHA—VONRBEIZLD
B RECOMEER LY ATP FEA K
NEZOND, 5% L0 RER RO X
A VTR EREIT A LICL Y,
KO BEVBIBESREN GO D L&
Do BEIHRH DX A I 7B LT,
PID ORAEZ VT NEA LIZE=KY LT
L, ZHIZEDLETHBHEZITHY Z LN E
BWLEZLN, SRILRIMETEEDD
HETH D, IIEMERL MR, BN ZE IR
OPITAREEAME, < BT, TA»
A, FERTREE DORE & 72 PR IR R DT RE
OB RERENTWD, BIRERE
12 L0 A RROHIE A ATREIC 2T, T
5 OEERERBOFT- I8 E ORI
B0 H D EHIFEINS,

<51 F 3R>

1) K. A. Hossmann: Viability thresholds
and the penumbra of focal ischemia.
Ann. Neurol., 36: 557-565, 1994.

2) K A. Hossmann: Periinfarct
depolarizations.  Cerebrovasc. Brain
Metab. Rev., 8: 195-208, 1996.

3) P. Ramos-Cabrer, F. Campos, T. Sobrino,
J. Castillo: Targeting the ischemic
penumbra. Stroke, 42: S7-11, 2011.

4) M R. Hamblin, T. N. Demidova:
Mechanisms of low level light
therapy. Proc. SPIE, 6140: 642802,
2006.

5) M. Nedergaard, J. Astrup: Infarct
rim: effect of hyperglycemia on
direct current potential and
[14C]2-deoxyglucose
phosphorylation. J. Cereb. Blood
Flow Metab., 6: 607-615, 2012.

6) S. Kawauchi, I. Nishidate, Y.
Uozumi, H. Nawashiro, H. Ashida,
S. Sato: Diffuse light reflectance
signals as potential indicators of
loss of viability in brain tissue due
to hypoxia: charge-coupled-device-
based imaging and fiber-based
measurement. J. Biomed. Opt., 18:
15003 (13 pages), 2013.

7) N. Zhou, G. R. Gordon, D. Feighan,
B. A. MacVicar: Transient swelling,
acidification, and mitochondrial
depolarization occurs in neurons
but not astrocytes during spreading
depression. Cereb. Cortex, 20:

2614-2624, 2010.

8) P. G. Aitken, D. Fayuk, G. G.
Somjen, D. A. Turner: Use of
intrinsic optical signals to monitor
physiological changes in brain
tissue slices. Methods, 18: 91-103,
1999.

5. FERFERImLHE

Uessamscl GE2 1)

O JINERT, vEEESR, WL, Rk —,
7 v MRFEFEE T VIZEB T HEERE
I OVEEZE J& 322 Wi 59 452 0D 3T ARSI O S
WA A=V 7, BRL—V—[EES
5, A, 35 %, 2014 4%, pp. 125-131

® S. Kawauchi, I. Nishidate, H.
Nawashiro, S. Sato, Near-infrared
diffuse reflectance imaging of infarct
core and peri-infarct depolarization
in a rat middle cerebral artery
occlusion model, Proc. SPIE, &#Hif,
8928, 2014, pp. 89280K (6 pages).

[F=5E] GE6 1)

(D S. Kawauchi, I. Nishidate, H.
Nawashiro, S. Sato, Combined
imaging of near- infrared diffuse
reflectance and cerebral blood flow
for a rat stroke model: progression
monitoring and differentiation of the
lesions, The 5th Asian and
Pacific-Rim Symposium on
Biophotonics, 2015.4.23, Pacifico
Yokohama (Kanagawa, Yokohama).

® S. Kawauchi, I. Nishidate, H.
Nawashiro, S. Sato, Simultaneous
imaging of near-infrared diffuse
reflectance and blood flow for a rat
stroke model: pathophyiology
analysis using light scattering
signals, SPIE Photonics West BiOS
2015, 2015.2.1, San Francisco
(United States).

@ JINET-, Vel —, Wi, WL,
ViktERk, 7 v NHEEZEE T LA
T AT ARANIER B & A i i oD [ iRg A
A=V T EEARE B OH M, F
35 M H AL —HF—EFahs, HES
FYPRT I GER).

@ S. Kawauchi, I. Nishidate, H.
Nawashiro, S. Sato, Near-infrared
diffuse reflectance imaging of infarct
core and peri-infarct depolarization
in a rat middle cerebral artery
occlusion model, SPIE Photonics
West BiOS 2014, 2014.2.2, San
Francisco (United States).

® JUNET-, VERER, SN, ek —,
7 v NRPTMEZEE T VI 1T 5 1 SE
BJs L UM ZE A I 53 AR 0D 3T AR AL T



BSYA A= 7, 5 34 BIHARL —
P—EHEHE, 2018.9.17, ENRA
et #— ().

® S. Kawauchi, I. Nishidate, H.
Nawashiro, S. Sato,  Diffuse-
reflectance imaging of peri-infarct
depolarization in a rat middle
cerebral artery occlusion model,
JSAP-OSA Joint Symposia 2013 (The
74th JSAP Autumn Meeting 2013),
2013.9.17, Doshisha  University
(Kyoto, Kyotanabe).

[(KE] (72L)
(e pEME] (72 1)
[Zofth] (72 L)

6. WFITHHLAR

(1) BFgeEHE
JIIN Ba¥ (KAWAUCHI, Satoko)
BHf R KA - B Rt e o & — -
1 AT LDRFFEERRT - Bh#
gz E: 20506505

(2) #H7EH 1%
g #— (SATO, Shunichi)
B I B R A - B = e e o & — -
B AT NFSEEY - a2
WseEHZT: 90502906



