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Confocal Laser Scanning Microscopy to Study Molecular Mechanism
of Mast Cell Activation
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In the immune system, mast cells are a key cell type in the pathogenesis of immunoglobulin E (IgE) -dependent
hypersensitivity reactions. Engagement of the high-affinity IgE receptors by multivalent antigens initiates the down-
stream activation of signal-transducing enzymes and evokes degranulation and cytokine production via an increase in
the intracellular Ca2* concentration. In addition, mast cells also play a prominent role in non-IgE-mediated hypersen-
sitivity reactions. Mast cells are closely apposed to nerves in vivo and are likely to be regulated functionally by nerves.
However, the molecular mechanisms for mast cell activation in an IgE-dependent and -independent manner have not
been fully clarified. Confocal laser scanning microscopy has played an essential role in cell biology by allowing visualiza-
tion of specific intracellular signaling molecules with high spatiotemporal resolution in living cells. We have studied in-
tracellular movements of Ca2* using a specific fluorescent probe and several types of signaling molecules using deriva-
tives of green fluorescent protein in a living single mast cell using a microscopic strategy. We here describe our imaging
analysis of the calcium signals to the nucleus, the movement of secretory granules in the degranulation process, and the
nucleocytoplasmic shuttling of mitogen-activated protein kinase in mast cells. Further, we demonstrate that direct com-
munication between mast cells and nerves occurs. These findings provide useful information from a new perspective to
understand the molecular mechanisms of allergic reaction and inflammation.

Key words——mast cell; neuroimmunology; confocal laser scanning microscopy; green fluorescent protein; degranula-
tion; allergic reaction
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Fig. 1. Schematic Representation of Mast Cell Activation
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Fig. 2. Time Courses of Intracellular Calcium Ion Concentration in Individual Mast Cells
(a) Confocal fluorescence images of fluo-3-loaded RBL-2H3 cells. (b) Fluorescence intensity changes of fluo-3-loaded individual RBL-2H3 cells after the ad-

dition of antigen.

T LA F D PRE EF ORFRZEME 2 O
TRELEEZ->THY, H—ro—>ofiakics
NWTHNIV T LIREITHERBEWR D> 2.0 Z
g, Zo— iz fEErs s 2 EERL TN
H5bDEEZEZLNLIRFENVERTH > . KIT,
W BREFEFIES AHDE, BN fluo-3
DEIETRE DA MM —Tldan Z EiIc&fhnz,
RBL2H3 flifd O KEI 3+ um EETH VD, #¢
KD HICHEMBE TIIMIEND IV T LA F RE
DAY —ME2EHETHZ LI TERNM . bhb
NISHIREN L 2 A F R E O ARE— & AT
W7z 1990 FERATHITIE, WV TALF Nt H
CRAvEZ VY —E U THBENTIERAL TV
ZEBHS Mo TWE, F 2T, MENTHEY

BENKELS ERLTWAEKLTHY, L
LA F IENTHE W THITTEREICZE L T
DTN EEZ, FUMEOEKDOAME % RFE
T2 EERAE. T T, DNATRERRIITHES
I %W A% Hoechst33342 & il AL fiE 2 45 FL 114 12 4
9 B H e FE TMA-DPH 2, AU WA - HR3
7L —Y (He-Cd L —¥) (325 nm) THIL L T,
EomEgzERSEL, VU A S E LR 72
ZDFERD—HZ Fig. 31 Rm L7z, ORI,
AT IV D D D # TR E AV NS o e
0, BRI O LA F D RBENERT S &,
WIZEIEH LD b REL< Lo/ AIZZFECHlD
oM ERLUE., INSOEEBENS, LT LA
A 7 > OEHE R R DOHEE R K <L T



674

Vol. 125 (2005)

calcium

nucleus

100 —@— nucleus
—O— cytoplasm
0 | 1 1 |
0 20 40 80 100 120
Time (sec)

Fig. 3. Antigen-induced Nuclear Calcium Signals in Mast Cells

(a) Confocal fluorescence images of a fluo-3 and Hoechst 33342-coloaded RBL-2H3 cell. (b) Fluorescence intensity changes in the nucleus and the cytoplasm

of the RBL-2H3 cell after the addition of antigen.
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Fig. 4. Analysis of the Movements of Secretory Granules

(a) Schematic representation of CD63—GFP in the membrane of intracellular granules. CD63 contains four putative transmembrane domains and three N-
glycosylation sites (@) clustered together on the surface of the lumen side. (b) Sequential fluorescence images of CD63—GFP in an RBL-2H3 cell. A large number

of granules moved toward the plasma membrane after the addition of antigen.
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Antigen promotes the activation of MAPKKK, which phosphorylates MAPKK, which in turn activates MAPK. Then, activated MAPK translocates to the
nucleus from the cytoplasm. Intracellular calcium ion concentration and protein kinase C regulate the activation of MAPK cascade.
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Fig. 6. Nuclear Shuttling of MAPK (ERK2)
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GFP-ERK?2 translocated to the nucleus after the addition of antigen. The import of ERK2 reached the maximum at 6—7 min, and then the imported ERK2 was

exported from the nucleus.
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neurite

Fig. 7. Scanning Electron Microscopic Images of the Attachments between SCG and Mast Cells
(a) A representative SCG neurite-RBL cell contact. (b) The enlarged image of a box in (a). (c) A representative SCG neurite -BMMC contact.
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10 pm

Fig. 8. Local Membrane Ruffling in Mast Cells at the Specific Site of Contact with Activated Neurite

(A) A representative neurite-RBL cell co-culture. A phase contrast image (left) shows a neurite in contact with the upper pseudopodium of an RBL cell. A
right panel shows the fluorescent RBL cells only. Boxes (a) and (b) are enlarged in (B) in time series. (B) RBL cell membrane ruffling occurs only on the pseudopo-
dium in contact with the bradykinin-stimulated neurite (a: arrows indicate membrane distortions) and not on the pseudopodium not in contact with a neurite (b).

Sequential images are shown for the times indicated, post-addition of bradykinin.
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Mo/ (Fig. 9.9 7 2% > AP, FiZ22O0
BT X Ml ZEEET 2 EEbhTns, 1
DIFER: G EHEZEH LT SR (SREOY
TAZAPHRLE) T, 5 1D1F NK-1 ZH
RKZENLU TEE LT 2R (RBEOY T XY X
P TiEME(L) THD. 449 2N DRERMNS, wiRE
ML K 2 < X MR OIESELITHB N T, MR
SilEEET H5BEDOY T XY > X P A NK-1 2%
KENLU THELL X MlfgIciEE L 7))L &
RELTWSEEZ SN,

I, WL DR R I BAVE R 285 B35 5

FZEBHONIIT S EailAle. AP TELT
1, RS O 2 T AR BB R E 2 R
LTWwash RAY > & SgIGSF/SynCAM (sper-
matogenic immunoglobulin superfamily/synaptic cell
adhesion molecule) IZEFH L TR ZED =, £
T, N EAY CORERITDONTRRS.

ARANY L, EIEERMEOEHET, £<0
HifE oM A ICBE 53 2 VD LA F AR
HOEETFTHD. HEANY AT DNhDEFA
T TEN2N, WTNOh RAY >H 2 8Kk%E
L, MCHZATDHRNY ERET AUV D
HREGTHZEBMENTNDS. ¥ £7, SCG &
BMMC iZBF 257 RN > DFEB &I 2 X5 > T
Oy hTHNZ. 2OFE, SCG & BMMC 2
i, WIFNSH N-JIRAY & E-J1 BAY 205
BLTWwi., BMMC IZBIF 50 RAY > Ofifd A
A ERATHANZEZ A, N-FRAY > &
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100 Table 1. Attachment of Various Types of Mast Cells to SCG
Neurites
= Number of attached mast
?}, Q) Type of mast cells cells per SCG neuron
=
8 o v o +/+-BMMC 0.203:£0.014
& tg/tg~BMMC 0.068+0.014**
% 50 A tg/tg—~BMM CSeIGSF/SynCAM 0.180+0.019
2 tg/tg-BMMC Vector 0.070-£0.017**
O
BMMC from SgIGSF/
é SynCAM-transgenic mouse 1 0.22340.022
BMMC from SgIGSF/
= SynCAM-transgenic mouse 2 0.190£0.022
1C-2 0.021+0.001
0 T T T T T T T 1 C-258IGSF/SynCAM 0.164+0.015%
0 10 20 30 40 IC-2KIT 0.0230.001

% of NK-11/c-kit™ cells

Fig. 9. Correlation between NK-1 Receptor Expression and
Neurite-induced BMMC Response

E- 71 BAY 2 & & T E I BRRIT M L T
7. EZAM, SCG & 3 HMHKTER#E L THifkze
B EHEEL TWS BMMC TliE, E- T EAU 2iF
HMECRELEZEETHo 20, N- S RAY >~
MBI RTE L TWiz. 3 KA > &0 L7z
felf 7 Z M E RN 53R LTnWs - =
1%, N-71 RAY > &R, MBI ERRICHE
TEL TV, el &85 % SRR #3512
RIETAHEIICkR>/. 2O &EMnH, SCG &
BMMC D& IZIEI N- I RAU 5L Tnwa
EEZBNTE.

J1 KAV > &WifT LT, SgIGSF/SynCAM (2D
WTHKEL 7z, SgIGSF/SynCAM 34l fa 4k 12 1
L770OTY RERAL RO 1 REREEOE
HE T, fRMlaos ST AMBTHRET7 U v
BREENSTFELTEHVWTVWD Z ERAISN TN
5.4 Fiz, YA MiREIZHITF % SgIGSF/SynCAM
D ¥ B2 13 /N BB Bk E #2 5 K F MITF ( micro-
phthalmia transcription factor) NWMETH D, B
BRI ™ Z D BMMC (+/+-BMMC) 13
SgIGSF/SynCAM # #H L TWa DT L T,
MITF &R~ A0 5% L 7= BMMC (tg/tg-
BMMC) % SgIGSF/SynCAM ZHH L Tz
EMHASMIINTNS. . ZZT, £9, Zhb
BMMC % SCG LHFEFREL THEDEE R
FRJ=, T D#E, SgIGSF/SynCAM % #HH L T
W7 tg/tg-BMMC ® SCG ~\ D # 3 R 1%,

IC_ZSgIGSF/SynCAM+KIT

0.161+0.020%

The number of mast cells that attached to SCG neurites sprouting from
one neuron was calculated by observing 100—300 neurons per dish of
coculture. The numbers of the dishes examined are 7 and 8 for BMMC and
IC-2 cells, respectively. Values are the means+=S.E. ** p<0.01, by
Student’s ¢ test, compared with the value of +/+-BMMC. # p<{0.01, by
Student’s ¢ test, compared with the value of IC-2 cells.

SgISGF/SynCAM Z ¥ L TW5 +/+-BMMC O
K3HnD1THDZENGMoT= (Table 1).40 %
ZT, BETEAESLNI AP 22y ZiEICLD
tg/tg—BMMC |2 SgIGSF/SynCAM % Hl X &,
SCG L DEEMEREF =, %<&, SgIGSF/
SynCAM % ¥l X & /= tg/tg—BMMC iIZ B W Tk
SCG ITx T BHEENENHAL, +/+-BMMC &
FIRREIC/ > /=, F£7/=, SgIGSF/SynCAM O ffia
HARAA 2@ T 2P MPURDOEMET T/ +-
BMMC & SCG #GFERKRELLEI A, MEDHE
BRI PRI UA DR EAR AN L7299 S5
IZ, SgIGSF/SynCAM 3 +/+-BMMC Ol i &
HREEICHFELTHBD, WEOEETMICH £
FBLTWDSZENGNOT2.% TIN5 DRERNS,
FRFEZEE & < A bl i D #2755 1T SgIGSF/SynCAM
MEELRKRIHZRZL TWLEEZ SN,

< A ML & MR O B 1T BT B SgIGSF/
SynCAM D& E Z I S ITHLNCTTH2012, °
A MR IC2 Mifld 2 W T HERBRZETT- &,
IC-2 fif11% SgIGSF/SynCAM ZHH L TH 5T,
MRAEF M & DA ICE S L TS REHE KIT
HHRHL T, FI 7T, IC-2#lEic SgIGSF/
SynCAM Z F#Hl & H /- /ild, KIT ZJE8H S 8 /7=
fiil, SgIGSF/SynCAM & KIT Offi &= HEH X H /-
Ml ZER LT, ffifiE & OB RZFH N,
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large dense-cored vesicles

neurite

and
SglGSF/SynCAM

» / )
/ N-cadherin

local degranulation mast cell

Fig. 10. Schematic Representation of the Interaction between
SCG Neurites and Mast Cells

Z DfEH, SgIGSF/SynCAM % R =¥ 7= #ilu T
X, B8 EHEEENE N ENsno Tz (Table
1).40 —7, KIT 3R & OF2E 1T 5 L T
BWEEZSNZ. 51T, WRHEOEH LI
D IC2 Ml DINERZF =& T 5, SgIGSF/
SynCAM ZRIHL TWAEEITIEFHBEL T/
BEITHART, IWERN2E5EHLRD T ENH LN
12722 72.4 ZDZ M5, SgIGSF/SynCAM 3<%
A I &R & ORI DR L - A O
RICHE<SBEG L TR, KORELZII 2T —
TarOBERREHELTWD EEZ SN,

Figure 10 IC#ifEMle &~ 2 Mlfla O #E 2 L
A EAVER 2 IZR L 7z, SgIGSF/SynCAM
® N- 7 BAY T, X MfE & 2k D 5
BALICEELTHY, mliloEEs, YT7R8 >
Z P & NK-1 ZHEEKRZEN L ZHEORNZ T
FIVRZBICERZICEG L TWA Z ENHLENIRS
7z,

5. BHYIC

AT, SOt FEZRANT, £THRERFKIC
5 A M OEE (Lo S BRRICER LTIV
Vo F OMBNEIREZ B L iR 2R R TE .
ZUT, AV ULAF 2 RBENMENLZT TR
SEEATH ERLTWDZ &, kA eI
M- THREBLMBKERME T2 2L, BE5EEE
T2 MAP FF— YAl E & 8% D R 2 3

vy ML TWwasZEE2RWHLE, Z0k57R
B M BT 5 > 7 F IV 5T O al EAL AT 5 il
1, EENWIREZEDZIAITIRIFEEAEHELEI N
TWiamn-o i, Zo%AEREREZRT, BET
IR RE DI TEICIA< BB K DIk > T
5. TORR, EEDHTEMEOHKELDHD,
MR B RE MR AT DR FE IS TREBRITHER L I & B X 2.
bbb, INsSEBOCEEZ MRS < 2 b
MR ML AEH OENECEE L, m#ido
MAEERZHES BESTFEAT 1 T ZHSNIC
LT&E/ ZLULT, WEDEELAZENT L TRHER
THEBENEREREZT> TWS I &2 RNHL
fEE, QEXmE, 7 hE—1ERERREITR
REINDT LIVF —RIEREBT, BEROHEM & E
KROFEEL - BN ERIFSMEIC/AR> TET
Wb, 20D, 7UIILF-MHREORE, HE,
BV O BEREMREA I B2 DE E IR ZE I 7 o
TV, Y2 MIRIZY LIIVF —IRIZB W THIDL
W 7Bz 5= L TH 0, IgE KENRERZ T T
<, LDEMBRARNLVABREITX D IgE EIKEFEN
BHEREIC > THIEMIbI N5, RWFKICLD, £
Do FHRED — DS Mo 2 EFZ A 51 5.
A MHRE Y LIVF —ERIE RS ITBNT, S5
DREBINET 25—y L ToORE L,
FFOMEICEEEZ KT T T T /¥ —L L TO%
HEH-TWS, INHDI E2aBEICEE RN
5, SHBBEMEFEORMEENLT, T LI
F— IS BIT 5~ X Ml O HEREFE B D 7 T
ZHALMZLTNEZVWEBZ TS, IN60H
B ENERE I AU, 7 LILF MBIk
T DIHEEFTEICEN S LWL TV 5,

BiEE AL, AEBEH S RFREGE A
FRVERE T2 AT LRI B TITONZb D
THOET. HRAOKITICHLD, KIGT Y
BEBO XL SFERRICR<E#BL RIT X
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. Fim, ARFEEEEDBHICNUED, ZREBIX
BEW-SZIER FBE (BHFEGREKRT) ICHEHEH
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