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CHAPTER TWENTY FOUR

Abstract  To andyze chlorophyll ndorescence of

leaf dssue three‐dl■enslonany ushg the saturadon

pulse mettod,a ne、 v real‐血 e confocal laser scan―

述ng IIllcroscope 、vas developed` A sensitive Eヽ I―

CCD carnera was ttstaned in the rotatttg pinhole

Nttow disk scalmng confocal laser rmcroscope

The hght htensity was controlled wi』ほn6い 2501tMI

m-2s-lin actttc hght and l,400-6,000μ lWI m-2s~lin

samra亡oll lttht pulse by t、vo electromagncdc shut‐

ters witl neutral density(ND)fllters instaned in the

system The flucmatiOns of actittc ttght and of the

saturatlon light pulse、vere kept at-1.46 to+1,37%

and -0 45 to +0329る  of the averagc in〔ensites,

respectively.The shutters open、vittn 901ns in tte

dark and 60ms under the actittc上 掛 t.To aCqure

rapidly sutttcient focal planes for consmctng thc

3D ilnage,the piezo z‐scan uttt、vas installed in the

systern llus scan unit made it possible to captte

64 foctt planes、vittdn l.92s This alsO enabled us

to capttre suf「lcient focal planes duttg illuttna―

tion、vith one samraton hght pulse.The images that
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were capttred widttn 301ns were sutticiently cleI

for 31)reconstruction and calculation of chlorophy上

nuorescence paralneters such asゅPsr

Keywords 3D,chlorophyll fluorescence,confo―

cal laser scanning IIllcroscope(CLWIS)

Introduction

Chlorophyll nuorescence nlicroscopy is an

advanced techttque of chlorophyll fluorescence

lmaging a1lo、ving noninvasive detecton of sPatio―

temporal changes in photosynthetic activities of tis―

sues,individual cells and cttoroPlasts(OxborOugh

2004).Leaves,tissues,cells and chloroplasts have

inherently comphcated 3E)stluccures.Hence,it is

necessary to obtain 3D infomatlon to llnprove the

understanding of plant functloning and responses

to stresses(Rigaut et al 1992;Schurr et al.2006:

Omasa et a1 2007).For a 3D surace reconstruc‐

tion, expanded―focus 3E)IIllcroscoPy of Ch10ro―

phyll fluorescence(Rolfe and Scholes 20021 Endo

and Omasa 2007)was dOne by passive tech述 ques.

However, 3D anatomies of the intemal parts

of tissues and cells cannot be obtained by this
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65+ Deve10pment of a 3D Confocal Laser Scanning MIicroscope

tech述que in spite of thcir excellent recOnstruc―

tlon Additiollally,the magniflcations of the speci‐

metls、verc not sufflcient to capture ttgh‐resolution

images of chloroplasts in cells.

A confocal laser scaI― g IIllcroscopy(CLSM)

can reconstluct a 3D anatomy of the internal parts

of tissues and cclls by captudng auorescence from

tlett fluorochrornes. Therefore, CLSWI has been

used for chlorophyli fluorescence mcroscopy of

leaf tissuc ProileS(OSmOnd et al 1999)and Ch10ro―

plast movements in v市 o(nalka and Ficker 1999)

Howevei extremely s■ ong excitaはon hghts have

been usually lrradated to speclmens in order to cap―

mre clearttnages and itis mpossible to rapidly scan

and evenly llluttnate the specimens with CLSM in

whch a galvanometer‐赴 or is instaued Nttng et al

2 0 0 5 ) T h e s e  f a c t s  P r e v e n t t h e  C L S M  f r o m  a p p l y i n g

the sanratiOn pulse method.In ttA sttdy,、ve have

developcd a systern for applying the saturadOn pulsc

method by moditting tte Nipkow disk type CLSM
using ttgh scnsidwritt EM―CCD camera.

障Iaterials and l■ethods          i

Boston fern(Jマ β乃脅′?お  寄 α′確勉 L.cv。

Bostodensis)seedlings were acclimatized in pots

in an environlnentally controlled gro、vth chamber

for 4、〃eeks before the expedrnents.The pots 7ヽere

f11led with artiicial soil(miXmre of venぼ工culite

and perlite,2:1,v/17)The plants were ittuIIllnated

for 12 h each day、vithユuorescent ughts at a PPF

of 150μ ぶ江 m~2s-l Att temperature was 24.5° C

duing the day and 23°C at night.Relative huttd―

ity was 70% duttng the day and 90% at night,

WIattre intactleaves were used for theのpe五ments.

AM′ hole leaf、vhich was placed on a wetted cover

、vas used as specimen for CLSM obsettation

FicCure l shows a photogaPh of tle CLSNtI The

system consisted of an iNerted上 =ht miCroscope,

a conf∝ al scanner umt, a blue laser diode systen,

WO,peS Of COoled CCD calnera Vttous cOntrol‐

ltng dtttses and a pcrsontt computei lhe NiPkow‐

位S陣けpe confocal scalmer uttt∞kogaWa Ellecdc,

嗣 ed , r  O f C Sひlo、、昼血ded  b e m e e n  a  t t g t t y

sensid、c cooにd electron mttфkr CharoCeモouPled

dc宙ce cM―CCD)calnera(Harnamatsu Photonics,
C9100-12) and  an inverted  ttght  IIucroscope

(OL境和働へS,IX-71).A blue laser dode system

(Yokoga、va Electtc,HPU50100,PFS‐ 2,488nm)、 vaS

used as tle uttt sOurce for tte CLSM.Az― scan

motor chttnged posidon of the o明ectWe a10ng tle z‐

痕s and was cOntroned by a motor controШer ttudl,

NII_AC5000)The posidon of tle o瑚ectiVe was more

Fig.l  Photograph ofthe computer―おded systen fOr 3D ch10rophyll nuorescence imaging with a CLS沖l a:Personal com―

puter,b:E単 I‐CCD camera,c:rotating pinh01e disk(NiPkow disk)type conttcal scanner unit,di z scan motor,et inverted

light microscope,ft haloscn lamp uttt,gi color co01ed CCD carnera,hi blue laser diode(488nln)syStem,i:shutter control―

lcL ji external ND/shuttci k:disk rotation contr011er,1:motOr controller,m:piezo controller,ni piezo z scan unit
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precisely and rapidly controued by a piezo z―scan unit

口hyStk lnsmlente,PIFOC)Extemtt and bunt― 血

electromagnetc shutters attached to the confocal scan―

ner unit were used for passhg tle laser beaIIl,block―

血g it,or d― g it usttg neutral densitt rlWD)田ters

Bodl shutters were controued v71th a shutter controller

connected to the computer ushg sottare produced

in our laboratoEy The external shutter覇′as selected

beふ汀een a hole and an l■rD fttter and the buユ←h shutter

selected beふぉ′een a hole and a non―hole Transrlltted

h」比 inages Of dle lcttes rradiated lttm above

宙血 a halogen itmp uttt(OmttPUs,u_LH100L-3,

TH4-100)Were captted with a cooled color CCD

cal■era(HalnaIIlatsu Photonics,C5310)■ le images

were recorded on tle computer via a dョ td co10r

video recorder(SOny,DSR― V10).An mersion

ObieCtモNApo,40,numeric』 apercure:1.35)was

used ttough experlments.

To apply the saturatloll pulse mettod, a til■ e

sequence in combination of dttk,actinic hght and

samratiOn light pulse、vas produced by the shutters

The laser beam intensity for samratiOn hght pulse

was frst determined by adJusting both the laser

po、ver and the direct ineasurement method using

the lnetal pinhole disk.IVhen both shutters opened

for about 2 s in the dark,the saturation ttght pulse

in the dark was presented The acd五c hght was set

by opettng the bullt‐in shutter and selecting心配)

fliter in the extemal shuttett The samration light

pulse in the ttght was produced by about 2 s open of

the extemal shuttcr under actinic hght conditions

Results and discussion

A 3E)HttcroscoPy is required to simultaneously

provide l工gh lateral alldぷal resoludon、vith Ellnlmal

lrradiation to avoid damaging the light―sensitive

llving cells( Vヽang et al.2005).A sensitive camera

and controllable light unit are needed to acheve the

requirementt The installed camera has the function

of clectron multiplying on CCD chps,so it anows

thc signal to be drastically multiplied 、vithout

noise.The light controlhng shutters 、vere opened

M′ithin 90 and 60rns in the dark and light,respec―

tively.The time to maximize the hght intensitt Of

the developed system was faster than that of com―

mercially available pulse alnplitude modulation

(LttVI)Ch10rOphy退 3uorometers NttLZ,NIINI―

蜘 Iand ttI-101).

The pi血oles、vere gyroidauy Placed 250μm ap舶

on tle disk.The pattem of the pinhole arrangement

appeared at eve「′30°rotadon of the disk,therefore

a point on the leaf was inuHllnated from 300 to 360

tlnes per second。 1回宜s frequency is several times

h t t e r  t h a n  t t a t  o f  t h e  o r d血叩 a u o r e s c e n t  l a m p .

The ttght intensity was controlled h ranges of 60-

2 5 0μM  m ~ 2 S ~ l i n  a c t t c  h g h t  a n d  l , 4 0 0 6 , 0 0 0山I

m-2 s lh sattration littt pulSe.The nucmatons Of

actiIIc hght and the samratiOn light pulse v′ere kept

at-1 46 to+1.37%and-0 45 to+0.32%of the

average intensities,respectlvely

The piezo z‐scan uttt made it possible to cap々

mre each image of different focal planc iI1 30 111s.

Du五 ng saturation hght pulse, 64 different focal

planes、vere captured in 1 92 s The f■rst focal plane

、vas located close to the abaxial leaf surface and

the last one was at 801tln depth in the dttection

of the ada対al surface. Each image 、vas capttred

at 30ms intettal after 1 25 μm movement of the

focal plane

ln the imaging with the higher resolution

O巧eCtiVe,it is essential to capture focal planes

at different heights in order to focus clearly on

chloroplasts, 、vhiCh are llbiquitous in the leaves

Figure 2 sho覇 ′s reconstructed 3D chlorophyll

ユuorescence intensitt IInage ofNepん溜り なιttα′脇海

There arc guard cell chloroPlaStS just above the

ceIIter of the image and mesophyll chloroplasts

scattered in the leaves Cross‐sectional chlorophyll

ユuorescence intensity images of leaves reveal the

light disthbutions inside leaves(Takahashi et al.

1994i Osmond et al. 1999iヽもgettnann and Evans

2002)Compared to these repons,shallower but

much higher res01ution proflles 、 vere captured

、vithout cutting off the leaves This systenl allo、ved

the capture ofimages which were suFlciently clcar

for 3E)reconstruction and for calculation of chlo‐

rophyll fluorescence parameters such asゅPsII eVen
at such shott exposure tilnes.
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Fig. 2  31) chlorophyll nuorescence intensitt image of

Nセpん乃′クなarα′″ね コhc 3D image was reconsmcted ttom

2D images captured at 64 f‐ocal planes withn 1 92 s
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