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Abstract

Introduction. The thalamus has ability to generate rhythmic activities related to different
behavioral states. Intrinsic and extrinsic properties of thalamocortical (TC) cells are critical
for generation of thalamocortical oscillations. Hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels control the single cell and network activities. Different interacting
proteins and cellular messengers modulate the properties of HCN channels. Hormones and
neurotransmitters that elevate levels of intracellular cyclic nucleotides facilitate
hyperpolarization-activated inward cationic current (4) by shifting the potential of half
maximal activation ( Vi2) values to more positive values and by accelerating the activation
kinetics. Nitric oxide (NO) activates soluble forms of guanylyl cyclases (sGC) and increases
the level of cGMP. In the present study we tried to characterize the role of cGMP in the
regulation of thalamic HCN channels and to analyze the impact of NO/GC2/cGMP/HCN
pathway in controlling thalamocortical network activities.

Materials and methods: NO-GC27 and C57BL /4] were used as experimental and control
groups, respectively. The properties of /» current was studied under the voltage clamp
conditions and passive and active properties of TC neurons were defined using the current
clamp method. /n vitro local field potential recordings and in vivo electrophysiology were
used to study network activities.

Results: 7 in NO-GC27 mice showed more hyperpolarized Vi compared to WT. In both
genotypes intracellular application of 1, 10 and 100 MM of 8-Bromo-cGMP dose-dependently
shifted the activation curve of /r to depolarized potentials. NO-GC27 animals showed
increased sensitivity to all different concentrations of cGMP, compared to WT. The same
concentrations of 1, 10 and 100 MM of 8-Bromo-cAMP also induced statistically larger
positive shift in NO-GC27, compared to control animals. Extracellular administration of the
sGC and adenylyl cyclase (AC) inhibitor ODQ and SQ22536, respectively, caused significant
hyperpolarization in the voltage dependency of 7: in WT, compared to KO animals. Genetic
deletion of GC2 decreased the voltage sag amplitude and number of action potentials in

response to depolarizing current steps in NO-GC27-, compared to control mice. This finding



was in agreement with the effect of application of 10 MM 8-Bromo-cGMP in WT mice where
firing rates were increased. KO animals exhibited reduced number of rhythmic bursts
compared to control mice in local field potential recordingsin vitro. During active
wakefulness (AW) and rapid-eye-movement (REM) sleep the electroencephalogram (EEG) of
NO-GC27- mice was dominated by slow delta oscillations.

Conclusions: cGMPis a potent modulator of thalamic HCN channels. Reduced basal levels of
c¢GMP change the voltage—dependency of HCN channels and shift the activation curve of
current to more negative potentials. Deletion of GC2 alters the intrinsic properties of TC
cells. Dysfunction of the NO/GC2/cGMP/HCN pathway causes thalamocortical dysrhythmia
and slows down the cortical activities during AW and REM sleep.

Keywords: thalamus, HCN channels, /: current, GC2, cGMP, thalamocortical oscillations.
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QMOLICMOO WHEHIOIWYIOO 4960379 MMO (YY) BOOMZOL MOSTMIMEOEH03ZOEXMMO
(003)  Lotgmgm  Bgodmbgdol  gargdBHOmaoBomemyomdo  d396q00L  dqlfogesls
90LobMMgdMEs. EWAd  5AHIMPL  ABg39wMmdom  0bBMMTs300L  M9EGH0bs©ID
db9©39wmdol  Jgmdol  B0TsMVIEgdom.  J9MEs  5ToLY,  BH30bol  WIOHMG,
303005 53MB0sH, 303M 3583086, dsbowmEmo fobs 330606, JgMdowsb dmdsgzswo
0™ F30900 oL 5d3L EPd-Fo 3M33EgJLMO 353d06MgdOL Bodmyseodgdsls (Liu
et al., 1995). olig39g OMYMOF Do sTMLOL bLb3s dOMM39d0, D (39MJOMIME JgeJosb
9OMo©  dMbsfogmdl  doe-30d0ol  303™MIb  ©H353806MGdMEo  Bblslibgs
MbEOWS30900L Hodmddbsdo. 8 GoGTgdol Lsxgdzgwl ™3 MXMIEIOoL bogsw Mo
X900 0916935 49bs30MHMBYBL. Lb3oolbIs J3930000 dEYMTsMIYMdIOL O™ 03
690mmbgdo 583969396 2963MbGH30L MG 35@gMbL. ©30doEol OML gl bgodmbgdo
©93MMODBIOME0s @S JOOOMIPI©  BHMbMOO,  2sbdgmOgdomo  L3sozgdom
396081bFgds, beaewm dogrol OML 500bodbgds Bgmdqdoo obdMb@E3z9d0 (Steriade &
Mulle, 1985). o3 vxM9gg00L gl 996035 MM0  M30Lgds  Lbgoolbgs  sMbgdOL
SMLYOIMO0MSS 39b306HMdgdo. 9o »-96m 8609369wm3569L SMbl
3039603 5MH0D3000 5430306093500, (303eIMH0 530 gMEH0Yd0m  ©F0IIOIEO
(33D) sbgdo Foedmopqbl (Biel et al., 2009). 396&HMowmé 6303 LolEGgdsdo (3bL)
336 9Mbgdo mmbo 0BMBMOIomss Homdmygbowo: 336 1-4. olobo 3m@Hgbzos-
59300900  sMHbgdos s 9g8dMBOL  3039M3MWHMOBE0S 5T sMbYdOL  goblbol

1



533000939 30MMISL FoMTMogbl. 33b 9Obgdo FgMgmEo 35m0MmbMMmo  sMbgdOo.,
MY 9dBH035305L53 b sbeogl bo@Emowmdols s 35¢0wdols 0Mmbgdols My Mgdo
d9L3s, 3039M3MMIMODIF00M 5JGH0306090500 ©IboL (35) 50BM(396905 S Y MHIOL
©930MM0B305. 0B FMbsHoEgMdID MREIOL saHBBYdsMBOLS s FgBdGMBMWO

33963050l BEsd00Ds30580 S SMGRMW0MGOgb OHMYMEME MR OIOI 5dEH03MdL,
31939 bgoMMbmwo 3538060900 F/Tomdsl. 0lgzg BMAMOE Lbgs sObYdoL dgdmbgzgzsdo,

33D 9GbHgd0L 593035305 MJR0MEIOS AMOZ50O FMEY3MIOHO BodBHMEOOM. (303006
6939mGH0gdL 58 Fgdombggzedo  gosdfyzgdo  Mmeo  930LMgdsc  (Difrancesco,
Mangoni, Milano, & Generali, 1994). b6go®m@GH®bLI0GHIMYd0, GMIgdog 0§39395
X900 (30300MM0 b gmEH0©Gd0L MBOL 2BMHPL, 59030 gd9b 336 sMbgdOL
2obLbsL. gl VX MgETos IMWY3gdo 53YsMgdgb Jodo® 353806l 33b sMbgdol C-
39M30bsw b SMLgdm 30360 bm3wgm@GHogdols 585353006909
533063000 MOME ©MIgbmsb (CNBD) s bbb 99853539890 253a0gbols dmblibsls
(Craven & Zagotta, 2006). 303960 61309mEGH0009000 bgds 336 sGbgdOL od@Eozs5300L
303963050l ©©Yd0MO  F0FMMNMII0M  gosbo(33egds. (303X IMO  5©I6MBOD
dmbmgzmlgs@ol  (3-950g) Gmeo 336 9Mbgdol Mgy MsE0sdo  FoMmmE  SMOL
d9LHogrowo. GsdmEgbody 3309308 Msbsbds, (303cIMHO 4r9bmBob dMbmgzmligs@o
(3-3993) 9b939 Mbs  HoMTMoAgbgl 336  9MbgdOL  BMmEMESGHMOL.  (3-3dx8-0l
X900 EMboL 25DM©s bgds sHBMEHOL MmJlLoOoL (5M) gmsboo (303wsBbY
(33)  0mgdd9ggdol  Loadsbbm. sm 9MOGHEMmOIOEOO  MYBHOMYMOIOMIEO
B0t GH®oBLdoEHGMH0s. dolo Greaerol dglfogus LobsRLME 3eoliB03IMHMBdSd0 s dogn-
©30d00oL 3030l MYAMWS30500 339  SOPIMIOL  om3rol,  Foy®ed 50
36390900L  gdob0BIoL YGIWMO glfogwrs MYy 396 FmbgObs, GoE SMm-0b
56580050 d67000 5MmOL  Q9B30MMIYGOIMoO. sm-0l FoMdmddbs bgds sSBMEHOL
mgJbool LEbmMgEBSBL (smb) doge. BgoeO™bIBdTo sMm-0b doMoMIE Hgomrml byo®mbmwro
3BMmGHOL  mJbool  BobmgBIBs  (b-5mb)  FoMdmopabs.  sm Ho63mddbolionsbogg
0530LMBWOHE  3390L  3WoHBINGH  FgddMbsL s 3930060 Yds  SBMEGHOL  MmJloob
69393GMMYOL, OHMIglsl o0 Tgdmbgzgzsdo a3 FoMdmoaabl. 3z Mx®gwdo mMo
gmOIomss  HoMdmygboo:  JwsbINGH 99906065 535380090 Mo o
GOAM3oBdMGo (Friebe & Koesling, 2009). sm 353806905 dbmwmo 63065-99339w



GOAM3OBINE RMOIsL, OHMIGEroE 9mddggdl OHMYMEOE 5m-0b M9;393GHMEM0. 23-b
GOAM3BIMNOHO RGOS 1530l FbOHOZ MO0 OBMAPMOHI0m 33b3Yds: 331 s 332. 3bL U
0DBMRMOHIGO0 M36535MH0 MomIbMdOMss HoMdmagboo. 33-U 499d3H039d5L dm3g39ds
37996mB0b  BHMoxgmBGsGOL  (3-2003-5© 296M©ogdbs, MHMIgEoE 0og30l dBGOZ  0f393L
G030 b3 gmEH0gdom ©sF0d3MHwo sObgdoL ((360),d500 JmeMol 336 sGbgdols
593H035305L, 51939 (3-39B-9M 30000 BMBRMOHOJLMYIOIDBIOOLS (BWY) S (3-30%3-
©59M 30009090 360HMEJ063065D900L (33)-0L o9d3H03905L (Mullershausen et al., 2001).
Pape (1990) 583965, ®m3 s 0f39305 ©@@wad-0l m3 Bgo®Mbgdol ©g3mEWsMOBE0L 35
960l 5dBH035330500 (330900l JgBobol aBom. Tog™Med 53 BoL  YGIWMMO
d9LHogs 00 COMOLOMZ0L 396 FMbYIOBES. OLYMESEO0L BB LMMYE 53 STMEsbOL
39005093930 9aLsbmGgdmes. 2006 §gwls Mergia (Ruhr-Universitit Bochum, Germany)-U
X31B0L 3096 259my3z560¢ 0465 9;32-b bM3oEHOMYOIMEO oy3900L (sm-g32") bsbo.
303035830l 306580 MXMJIODY BoEIMGOMWO (300900L obsbTs, dom 5B3969L,
MOmd g32-0b Fodwsd asdmofjgos 35 ©gbols Fsbolinsmgdegdol (3300 gds. M3
©obYMG5305d0 9393900 3933903300 50/3(32/3398/33D sObgdol Loboabswm abol
OO OMYMOE M3 MLol 3ow3greo ByoMmbadol, s1939 MosFMIMMEH03ZOCMMO
LobGgdob MgaMeEs305d0. BodM™ATo 499mygbgdme Bsgd3gm0dgbdm sm-332" 3bm39wgdL
509609698m©om (3-398-0 d5BoWMOO EMbol d9030MYds S 985BY OYMHbMdOM
393935009 35Lv9bo 2523939 99900930 30mb3z9gd0LsM30U:
o M MmO 530605 (3-308-U MowsdNGmo 336 sObgdol  dmddggdol
935305907
o M 293w9bsl  sbabl MxMgbos (3-39x-0b  dsDowmEo  Mbol
330 gds M3 MR MYIOOL 35B0O O 5dBH0IM Foboliosmgdagdby?
*  033Wgds ¥ 3OS 3m-3327 3HM39wgddo MXMIOOL dobolosmgdEgdol
3310 930L Lo3sbIbM@ MO HTMIMOEH03ZOTMOO MBEOWSEHMOIWO 5dE03MdS?
33990 bOEOLYIOEHIEOM BsIOMIOL Mbobdo, 9M/332/3-39%8/33D s®bgdOls
Lologbogrm aBs 2593(Y39 MM M535dMOL Mo HTIMIMOEH03oc)H LolEgdsdo. (3-
3983 Mosd®mo 336 9Mbgdol 3mEH9b3E0MMHO IMONMEISGHMO0s. (3-20%3-0 YR MHJOTOS
©@mbol 9306905  dm3yzgds  m3  BgoMmbgdol  dmbggbgdol  3mEHgbEoswrols

303903 5MH0DOE0S O YYXOIOL 59BH0YOO Fsboliosmgdegdol 33e0Egds. Ym39eo3y



QA 30 omogob  dbMog 3ol LobsxgLy®  a0o3gdgdl s of393L
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L5393609MHM WOoEIMSEHOL Jodmbongs

0530 1. ®g0sdnmlso

055390 ©09639RBIMbOL 439esHg oo bsfowos s GH30boL geo-ghm
9600836900356 §3939659mxl Fo6Hdmoaqbls. 356 gl Lobgero dogbodFs 30039 Lsm3mbgdo
096Md9gbo 5bs@EMTools Lfjogeremols 4oegbols ogM. mosdmlio dgMmAbmwo Lo@yzss ©s
60dbogl MHMAsemo Loberol oy Mmmsbl, Gs3 dob dbodzbgermagsbgl BwbJzosby
d0wmomadL. 030 9EIOIMGMOL  B30b0L  39bGHMIME  bBsfloewdo Tms  BH30bLy o
39693 NGH  JgeHdb ImMOL s 0ymxs Lsd doMoms boffows: fobs mowrsdnlo,
99005MH0 @O WHAHIMOIWNOO  Mosdmlo. gl Bofowgdo  godmygmaowos
0680650 Mmgm®o  Bogm0gMgdom.  ™EsdMlols  as3om  bgblmMwo
068335305  39MH0xYIMH006 Jotdu doogi39gds(Jones, 1998;(R. W. Guillery et al., 2001);
Sherman & Guillery 2002). 0g0 36535¢00 30030l 9OH0MO0mdIL HoMdmoygbl (20-30)
QS M300MINWO  B0OM30  oblbgsggdmwo LgbbmGOwmwo 0bxMmIszool  godsMgdsL
90LsbMgds.  HoMdmygboro  bsdmmdo  WsBHgMoMmo  39bozmwGo  doMHmM30L
MOLICMOO Bofool (©Ead) 9J9gdBHOMBODBOMEWMAOMOHO M30L9d9d0L Tgufagarsls
90LsbMgds.  d-ob  d9d39mdom  dbgzgermdomo  0bBMOTs30s  M9EHObID
dbg39wmdol  Joddu  osbgds.  FoMmed  MgBHobob  fodmbyero  sJumbgdo
MOLIXMOO  IGIOOXMOHO  MOSFMLOL  Loboxligdol dbmwme 10% Tgoy9bL.
65MBgbo  LobsxzLgdols 90% 0gdbgds AbBgO3gE™dOL J9Mdosb, GH3060L ©VgHMb,
0533190l M9EH03MNMOHO  BOOMZOEB O WMIsmO  0bGHIMbJOMMbIOI0IH
399035350 dMF30gd0m. M9sdMlido dodsmmIero 33060l gHmls s s BHz0bol
533960963900 9Mm0(393L  3965dMBBOSEIMMO  BBOL  Jmeobgdyme BgoMmbgdl, locus
coeruleus  BmMo©M9bgMyM  BgoM™MbadL @S  MOLLWMOO  Mozgl  doMMZ0L
LYOMEHMbObYIOYME BJOOMBIIL. 353JOOL MOLIMH 39603 doMmMZdo T9dog5wo
5839MH963HJool  90%-U  JmobgMamwo  dmF3mgdo  FoMdmgbl.  303MmmosdMLols
A&19096MI530IMME0 dOMOMZ0 MO MLoLE3Ih 30LES30bgMYME dMF3MgdL aBs3bob,
95906, GMmEgbsg 03BsMo ffobs 3H306000 dMBsgz5¢0  A9Bs9MAMWO  0d3Mligdo



LoMYEgM YR MJJODBY 5M5306030M0 FDom, MEH03MNWIMHO dOOMZOL 5JGH0Z53000
9gJ0d99096.

Wyd-ol  6g0MMmbMmwo  gwgdgbBgdo d9godwrgds ©o0Ymlb Lsd  35@9yMEO0S:

39603900056 LoGgwgm  MxM9gEIdHy  393M3IWIOIEO  58IMIBGHI00, LoGgwgm
05W53MIMOG03oMEMO0  (003) MXMIJd0, OMIWgdo3 3OHMY30MHEIds  Jgmddo s
5SRO0 MIM030 0bFHYMHbgoMMmbgdo.
Ls®9egem MRMYEIO0: EWEd-30 dMmOHBMEMmAo0l dobgz00 Bsdol EGHodob LoGgwrgm
IXOIOL 3565OBg306: X gxM9gdo, GMdgrms ©IbEOoGIBog bys ©s J3gws
3M1gdBgs goboffowgdmwo, Y »x®gogdo - dobo ©qbMo@gdo 89dmbobmaeggb
WXOI0L bbgmwl ©s W vx690900, ™ol ©gbw®o@gdog goom LogMEgdos
9053198)0. J0bgO35© BMOBMEMPOMOO Bb35MdOLY, bsdozg G030l MXMIO
bobosmgds AuogLo gargd@BHmMmbmero sg@ogmdom (bwe 1).

L. 1. LaOgEgem 05¢53m3MMH GO0 bgoMmmbydol Lsdo gsbbgsgzgdwymo Godo.

99dBHO™bMo  dozmmbzm3om bsBgzgbgdo 0dbs, GMI MoErsdMLol  Logwrgm
X OJIO0 ©IbEmgdoo 4000-5000 Lobsxzl 0wgdgb (Liu et al., 1995). mOLseGHO
05530 8903536 BMaMmOE  LoTGGHOOIE (298590 ), 0Ly SMVLOIYEGHMO
(3 GH5HIOFI) Lobogligdb.
06¢gHbgommbgdo: dmbywrgdol mowsdmiido 0b@HgMbgommbgdo Fbmmwm® EMOLIEME
05537LLs @O dog0sb 3069 MoMmIbMmdom 396GMMBdBIO doMm3zdos bodmzbo,
05906, ®MmEgboE 930560l s B503bgd0L yz9ws docm™M30 Jg0Es3L 0bEIMBYoMHMBYOL.
9B X M990 dbgegdol rgd-ol 20-25%-b 9o qbL. 0bEHIMbgoMmMbgdo Latgwgm
X 90900Lsg96 Lbgmeols 3069 Bmdoms s H3howo, aMdgero s Bsbero®omvyero
©96MH0EHG000 45blbgs3qds (W. Guillery, n.d.; Sherman 2002) (b96.2).



L. 2. ermemeglisgbgomero dozmmlizm3ol §ggad 6sB396980 063HgMbgommbgdo.

06@9MHbgoMHmbado g995-5d0bm-9MmdML o35 (GABA) 89993339000 “9x6H99005 ©s dobo
5943035305 05 s3MLol LoGgEgem YR MYIOOL 063000300l J9B3OMHMBYDUL.

L1 osensdmetHo35¢me9mo bobdgds

306500056 0558 3mOE0350M0 LoLEIs 2593)Y39E OMEL MTodMdL oligom
3608369035698  BobomEmaom®  3OHMm3gugddo  OHMYMOmOEss LIS
d9blogegds, do-30d0¢0L (3030Msb ©H393306M9d0 M0 bbgoOlb3s MB30EsE0gd0L
0o608mgddbs, 53 LolEgdol sbs@GHmdool dmzwg Bodmbogrgs sMEowgdgos. be 3.
6563969000 o53MIMOEH035¢ M0 oL 25350GH0390o Bdgds. OHmamEE LwMsmo
330639690L,  osdMIMOEH035 M0 LolEBgdol doMomoo  Lsddgbgderm  Foloews
dmoiogl: 1) 53s3Bb6909e @B IMY 30OHEH03MMHEsdN® (30) bgommbgdl, 2)
5353b6909@ R GHMGHINRN 03 LaMIgm  PXMIEIL s 3)  OIHOZNLW OO
055399MH0  d30OmM30L (M1, RNT) 9505903 5goOHmbgdl. mowsdmlo ©s Jgedo
0930360 M3 MONO0YOHOIIMI0EIOIGd5T00. QMOLICMOO 05330l
Ubgoolbgs LoMYgegm BOMMZ0 F9ILEIAL LYBLMOIE CbFMMTS30L Jgedol Fglsdsdolo
«dbol IV 96gl. Joddo msgzol dbGmog 2360l 5do3Bbgdge 3M:Mm9d30g0L MmMLSEMHO
055dMLbol  3m6309G Mo doMM30L5396 o  sLY3g  MYBHOZMWMEHO  doOHMZ0L
300500 gd0m. MO-0L A5359MA0 5JoMmMbgdo 53ogHbYdg LObsGLYOL 0MIdL SBY39
05531960l LaMgErgm X M9IO06. M Jabol 9935353909 LOBIGLYIL MoEsTMLBOL
LoMgEgm MY MGEI0DY o FoFoLosdY, 0f393L Foo 89353900L. MBOM gBoE, MO-0bL

IXOIIO0 9OMIDJPMIb 539300609005 s JIBoL M9g3036MHM3ME 0630d0E0sL.
7



0553Mm3MmOE0350O0  LobEgdol gl Lsdo  Fobslosmgdgwo  35LvbolidygdgEos
bgoolb3S G030l Mo 53M3IMMEH035W MO MBEOEs30gd0L Fo®dmddbsby.

Axon of

cortico-

thalamic
cell

RNT

Specific
thalamic
nuclei

ARAS
fibers

\
GABAergic
System interneuron
afferents

L@, 3.000¢058m30HGH035¢00H0  LobEBgdol as3s®EH039dwmo bgdgds. mowsdm3m®EGH035¢ Mo
LobBgds  HomBmygboos  MMHMOYOH39380M9dME0  MosdMlol  LaMgugm  MXOIOIdIOm,
93030 M0 d0OM30L byo®Mbgdoms s 39M90MHIMHO Jgdol MXMILIdIOm.

0553Mm3MOG0350OH0  5goMmmbgdol dMTomds s MmBEowsE30gd0L Ho6dm]dbs
©59M309dMos  Jgo  ®ogo  bgomm@GHMmsbldo@gmgdol  dmddggdsty.  BHz0bol
09OMEL dMds3500 LgHMEHMbobgMyMo ©s JmwobyMamwo dmF3mgdo 0f393L ™3
690OM™Mbgdol 9dE035305L, 35006, MMl Fomo gogwgbs M9EH03MwG ByoMmbgdy
0905393909005,  ©@MRBsT0obgMyMmo  6gomMmbgdo 535390l  0o5TMIMMOEH0IIWO
690M™MbgdL 3003000 S HMV30MPI30MO FBod - 0bFHIMOBIoMMbYdOL odE0353000l
399030 gd0m.  G9dgO™ASoIOM0  B0OMZ0IL  IMTs35¢0  30LESF0bgey o
0mF3m90000 ®3 bgoembgdo 9b03OL  WISMEIMODIF0L. WAD 0L SBMEOL
mdJbool (5¢m) s3M3 Fgo®mb GH3060L MgOMEB, 30335830056, BsBsEImEO Fobos
33060056, Mo3 80mMOmMIOL 5MOGHMIO0E0E0 BroMO™E®IBLA0EIOOL db0d3z69wmg56
536930009 $H3060L 59 Mds6T0.



0530 2. 5/3/(3-308 Lobogbsgrm gbs

99935600mGN Mx 9GO0 sDMEOL MJLoOL LBoliogbsgrm gHol sGLYdMdS 9339
Q9bMadom M0 §9wos (36Mmdoo. FogMsd MOEGHMIVSE 5m-05, MMaMOE Lobogboswm
9 93sd MBOM OO YIMmoegds 1998 ficwols 89dgy doogdaos, Gmogbsg R.F.
Furchgott, L. J. Ignarro oo F. Murad-U dogbodso 6mdgeols 369805 3560000m35l3es6vyen
LoLEBHYFST0 5M-0l CMEEOL 5IMBIBOLHMZ0U.

50 §o®3m0ddbgds scm-0b LobmgEIBL (smb) F0ge 530bMTso35 -56M06060qb.
5m-0b LobmMYEBSBIL Lsdo OBMBPMMTss 36MdOE0: byo®Mbmwo (B-5mb), gbmmgerMo
(9-50b) @5 0630090  (0-5mb). (396G E  bgdgme  LobEGgdsdo bsdogg
0BMRMOTss  FoMdmygbowo. bsbsbo 0dbs, M™MI B-scmb Fmmogligdmeros Lobosglme
9900656590 2e3sds@ol ombm@mm3mew (NMDA) 69393@™M6Mm90mb ghmo (Burette et
al. 2002). NMDA 69393@G™M900b 5d&H035(300 ©5 35¢304130L 00bgd0olL mx®mgdo dgbgams
0(393L 98 8gMIIBGHOL 994303905, gbMMIMEO SBMEHOL Mmool LobogEsBs
33b30905 LolbEds® 3900l 9bmmgeromddo (Dimmeler et al., 1999). 53 0bBmEWEOIOL
doge  HoMImgdboo  sHBmEHOL  ™mJloo  HMYAMYWOMIOL  (39M90MSME  Lobbgrol
900mgd393oL (Umans, 1995). xgoBomemaon 306Hmdgddo dbmwmo bjo®mbmwo s
96Mm®9gM@o LobmgEBsbs HoMMoYIL 5Mm-0b FYosMmmU. sbmgdomo 3MHmEqlgdo 0393l
0b6mE0dgmMo  LObmgEBHsDOl  5dBH03Z5305L, ML m3g3zgds  sMm-0l  FoMOOo
3M6396@G®s3goom  Ho®dmddbs, Gog  Igboderms  BHmJLogMo  sS©dmBBIl  BH30bol
X 090900BsMZ0U.

5m-0L Lologbsgrm gbs 3003900 SO0 0dbs gmbs s LolbEdsmzqddo
1986 {gaob. 59 MMOLOM30L g FEg32Ims 36MdOWO 0ym GMmaMmM3 endothelium derived
factor ( ERDF). 50b036mwo gsd@m®o ofj393005 3903963 amsbooe (303e00Bsb (3)
593H035305L (Murad, 1986). 1987 (gl Ignarro-b xgx3ds 503msbobs, O™ gl Bosg@GHMMo
000085009605 sBMEOL Mmool s Jobo FoMdmdadbs LTM30YIMNWO 0YM 3o 304)dob
00690bg.  om  9M93MMIOME0  TME93Mss, S8 Fobsbosmgdols  39dz9mdom
$99mgd3bolmsbogg 080 339 M930LIBWSE VX MJEOL F9gadMIBIL s 3930060 YdS dob

69393GMOL,  MOMIgebsg  blbso  gmsboow  303wWwsbs  (33)  PoMBmoagbl. 0
69393GHMO0L  5JBH035305 03938  5-3199bmBob  GHMogmlgsdol  3’,5°-3-30%3-5©
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3905ddb5L 5 FgmM0 FgLgbxgMOL MbY ssbErmgdom 300-%x g6 0BMEYOS, Mog S

0435 99605 X M9goL 3H03Hgs IdM30wgdwo (Friebe & Koesling, 2009)(bwm6. 4).

_— NO —_—

Gafing of cafion
— channels
Protein

| phosphonylation
[GAP- 43) Mg® NMDA
/ Cca* '-.\ reeeptor o
NO a”
.i /PK ] / s

GIP —» cGMP ——» 5GMP

NO ——
O,
I'\\ f

L-Arginine ——— L-Citrulline

nNOS \
GC \PDE 7 |
hdn
SN K do=  NADPH ."I
Giutamate 7 , Calmodulin |
Na Biopteln /
'CD AMPA, FADYEMN
oo
PRESYNAPTIC PART POSTSYMAPTIC mR],/NO
! __.--f“"dff__ ~
seC ™

GIP & cGMP s 5CMP
PDE

ASTROCYTE

bLoe 4. DGOl Mmool §smdmgdbols ©s 9mddggdols LggdmMo gsdmlisbuyangds.obmEHol
mgbool §o@dmddbs begds 3mbGLobsglm@ms, 6Is MY393GHMMYPPDY TM30IOIMWO FHOm.
6o  M9393GHMMJOOL  5dBH035300 @O MXMIVI0ES 35 E0Ydol  MBoL  gobM©s  0f393L
Bgoembmmo  sHBmEHOL  mJubool  LobmgEsbol  9JBH035300L @S W-5M0b0boIb  SBMEOL
mdbool {omdmgdbsl. sBMEGHOL MmJloo MO30LMBESE DL doMEWMYoE F9IdIMBSL o
369L0bsgL  MxMgdo 03938 29BMBOBBHOOGMUIBRSBHOL  (3-308B-5© FoMogIBL, MBS
9393905 9o Moo MxMJToEs 3BoL: BMLRMOOOYLMYIOIBIOOL, 3M:MEGH063065Bgd0LS o
303M0 b3 gmEH0©I0000 ©F0T3EI0 SMBYOOL 5JGH03930dS.

LsAoBbIL Do0moa 96l

3-303-0b 3-308-00 530300900
3mbRMOEOgLmYMHYo0, MHMIEgdos 0§39396 FgmcMoo dglnbx Mol 30OHMEOBL s
dol 5-3956mB0ob IMbMBMLGBsEO©O ©sdesl (Bender & Beavo, 2006), sUg39, (3-39%3-
©59m300909wo  3OMGHJ063065H930  (3OMEHJob30bsbs I s 3OMEHJ0b30bsBs II)
(Hofmann, Feil, Kleppisch, & Schlossmann, 2006) @5 (3-390%3-©5303360wwo sGbgdo (Biel,

Wahl-schott, Michalakis, & Zong, 2009).
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5M/(3-3093-01  Lobogbserm  gqbs  AMsgzs5emo  gobomwmyon®o  3GmigLlob
396bMM 309 gdsl  gaLELYOYds  bbgmeol yggurs ®mGmsbmdo. gl Fobomemyom®o
36Mm39LYd0s:  LOLbEWdsMM3gdoL  AoBIOMMGds  (Murad, 1986), »OMIdMEOEGJOOL
33M9A5309. 390G NG gz LobBHgdsdo (3bL) 0o Fmbsfoergmdl Lobsglmem
3sbBH03MOmdsdo (Garthwaite & Garthwaite, 2016). 53 s139J@do 5m-0l LobmMgEBSBS
69393GMM900 3553PY39¢ OMWL 595Md O gOHO-9HMo Fomsbol gmbdio0l
Q9M3935L5(3 dm3y390s Lbbgoolibgos Q055350090900L, OMYMOOGSS
396000350329 sGwo 96 630MHMga9696M930w0 IMP3939d0L obgzomatgds (Hillier
et al. 1996; Steinert et al. 2010). dmrm fargddo 3-3dx-ob Lsbogbswrm dgdsbobdgdols
9GO MMTS gbfiogersd olsdsdo Bolizs sbaero §odegdols 4ob30macYOL. 53 odergdols
9mgdd9gds 808sMHmM0s gMgdool olgmbigool, gdowmgd@olznmo 30bRbggdols s
503909960l ©55350gd0L  AomAXMdYgd0Ls39b (Feil, Kemp-harper, & Stasch, 2006).
9593658 M5GHMIMS3 SBMEHOL Mmool MYE73EGHMMJOOL OHMEo 33060l Gobomemmyom®o
536J30900L  gobbMM(309egd5d0 Yo Egdol owds MRy, 5333505, 58 b5MMI0L
doBbL  HomIMoygbs 93 Loliogbosgrm LolEgdol MXMIEMo s FMEY3MEMOO
3995960Bdol  Jgbfogams ©@s Tdobo  Bmeol  obloBzms BgoMmbmwo  sd@Eozmdol
39b6bmM 309 gds5d0.

2.1 g=95b6o@oem 3030cm5Bs s dobo g7b3m9b0s gbd®serey® b6gm39¢m bolidgdsdo

303 O0 693 gm@GH0©gdol  50dmBgbol  obGmEMos  ofjygds 1950 Farosb.
30639o@  90dmBgboe  0dbs (303G 5EIBMBOb  IMBMBMLRIGHO  (3-908)
3900™3dd0 39956mB0b IMbMBMLGBIGHO (3-39%3) 905F0sbols bLbgoolbgs MxM9ggddo. od
Q@OMOLYMZ0L 636sbo 0gbs, MMI OHMI 3-3993 Ho®dM0ddbgds My Mol d9ddMBM o
GOAMBMNO 13M5J309000, M3 3L MO0  0DBMBMOIOL sOLYDdMDIDBY F0PO0YOL
(Chrisman et al., 1975). 853653 58 mM0 0HBMBMOHTOL 0BMEs305 @S IbILOSMYdS 396
dmbgdbs 95659, Lobsd dolbo 9gb™A96MmO 5JBH035GHMOMOL - M-I 3m3bs Imbgdms.
OB 36Md0os MHMI 33 336300 MO0 BMOTom: J9ddMIBLBMD H35380MGOMO
GOAM3sBIMOO - blbso gmETom. sm M35380M©Yds FBMmE blbs BMOISL,
MOmdgwog dmgdggdl OHmamemE sm-U M9393G™MM0. 30650056, 53 BSIOMoL FoBIBL
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A30680 50/3/(3-398 Lobogbocnm gBol glifogars Homdmowagbl, 33-U bLbso BmMol
IGO0 50)gOs MBOM BsBOHObos.  5Mm-0L MYEI3BHMMJOOL A5TMYMRBS 30MZGESE
dmbgMbs 30005939005 @S Bl BowE3z0l Jumzomobysh (Gerzer, Bohme, Hofmann,
& Schultz, 1981). a3 M9393GH™M0 8903538 C- 39@90BMO ML, 0dgMHobsiools
©™3d9bl s N-Ogams@meme ©mdgbl (LwE.5). sDmEGHOL mJlool ©s353806MH9dSL
Qo FoMmgds  N-bofforols  sMLGdIMdS, MoYsb  LimOgo gu  Mdsbo  49bs30MMdYOL
396M3BEHOL  39GHOWODBNEO  M30L9dJOL.  MZMMIMEO  M9393GH™O0  Tgo3ogl MO
3obLbg0390ME LdIOHMIMEL: a s B LMOIOHGMEGIL, OHMIGEEMS FMEH3IEYIMHO
Pmbos3 GgLsdsdobo 73 s 70 30seGH™bos. B LwydgMmgmwo dgoaegl M30bol 899339 N
-$9630boe ©MAgbl, MMIgog dmddgEgdl OHMyMOE 5Mm-0b Mg393GHMM0. Mo 23
393960m©0dgOHe  3gMIGPBHL  HoMdmoaqbl, dbBmEm© ™G0z  LdgHDIMEOL
3OLgdMds  A9bs30MMdYOL ol BgMAGBGH M  BMbJEosl. o bmdghmgmeo  mMo
0BMGBMOHIomss FoMdmygboro - al s a2. 3gMoxghHomw bgMzme LobEgdsdo ol
MROM OO M3MEIbMd0m 43b3gds, FoaMsd 36L-8o0 MmG039 0DOFMOTs M6IBIGMO
65m©96Md0m5s gobofoggdmwo.

Inactive 430 pm
”
His

Heam
domain

420 nm
Dimerisation { Hls/

domain

Catalytic

domain gy Active 400 nm

\

His

L@ 5. mobogn 303¢sBsl F995009969¢0 LdYM™YUYEgdO. b 303wsbes FoMmdmagbowos
™60 bLRBYNMGYXOm - A S B1 LB YHMIYEgdom. B1 LMo F9353L sBMEHOL MmJLloEol
0505353806939 63060 5E™AL.

12



3BmGHOL mdbool M9393GMMgd0 8993390 0BMBMMTJI0L  49dMAObIMY
™90 mwos GMmymO3 sm-a31 ©s sm-332 (Friebe & Koesling, 2009). m©0g39 0bmam®ds
bsbosmgds  gembsoMo  3o@owobmMo  dmddggdoomm s sm-U  Fodsromn
93Mdbmdgmdom. sm-33l  LBOMIWos©E  FOGHMBMEMM0s,  bewm  sm-a32  3bL-0o
5393906093905 3mbAHLOBIRLWOO LOIFOOMZ0L Gows 95-ms6 (PSD-95), Goi dob
Bofomd®mog  99336sbme  8gdsMgMdSL  gobsdo®mmdgdls (Of et al, 2001). o3
0BMxmOHIGOoL  figoermdom Jgbodergdgero 2obs bm3sGH0MgdMmo  ™ea3900L MmO
bsbob godmyzsbo.

NO-receptor GCs and respective KOs

05

NO
cye
WT Y\c !
En =<
% NO-GC2
Deletion
/ I AN

B4 subunit 0ty subunit o subunit

P
C— "

NO-GC KO | NO-GC1KO | | NO-GC2 KO |

bo® 6. 50-U 0DBMRMOGIGIOL LJgdsBMOO 0EMLEHME0s s BLBYIMEO bm3smEgdol bsbgdo.

BOAM3sBINMO 2560 O (30305BOl MO0 0BMBMOIOL SMLYdIMdS Lsdo bmgsmEHoMmYdMwO
0533900 BIBoL 499mY3560l Lodrogdsls 0denggzs: Bl Lwydg@mgMEol Fodws of393L 23-U

6039 0DMBMOIoL RIMIPGHMwo  FMBJ300L  IMPZ)3L. sm-3l O SM-332 3od390L
d9L50590L5 530050 al s a2 bLYIBdYONGMEGdO.
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6039 0BMmABMEOHIoL §odwol 9309w mdsls @O0 d9ga0 dm3g3s. o6
3G-b OH™o FbMWME 9OHPO BOBOMEMPOMOHO 3OMEILOM 56 FGIMOBIMYEGOS. TogMsd
96000 0DMRMOHIom  bM39MBH0MGOIMO 193900 Logmabwol bm®dscrmMo  foloom
bsb050©Yd056. 396GHMIMMO LoLEGHIIOL dowds 0BMBMMIGdo bbb TmbdiE0900L
3003396L06MYdSL, Toa®sd Mmymes BsbL  36L-do0 mzomMmgME  0BMBPMEOISL  Mogolo
a3mbdios 930LM0s. Mergia-l xamxolb doge bBsbsbo 0dbs, MHMI 303m358380 sm-a31
369L0bsxzLO 9983665005 IMMO3LYdIMYWO S  303M 35330l 306M530VI YR JJOTO
30 ESTGHOL  98mygmxzsdo 0gdl dmsfforgmdsls (Neitz, Mergia, Eysel, Koesling, &
Mittmann, 2011). sm-332 3mbELObsgLYG d9ddMsbsdo a3b3wgds s dJobo ©IROEOGHO
303m353308 306580 MXMJIOT0  58sBbgdgwo  JMbELObIBLMMO  ©9bol
5930@1ol 898306M905L A9Bs30MHMdYOL (Neitz et al., 2014).

2.2 6060 39sbmBob  FbmRalbRsHol  gRIIAMBO  Beagmg3Iemgbo:
3039(3302¢5(50 Bsgo0”  3JH030698500 GOIXIH0 by IHOLIB00D O3 FOTFHLIMO
ombw60 s6bgdo

Aol 999092, M3 (3-3908 330300 04bs OMAMOE MIXMIVI0ES FGMOHIO
99L9bx 900, 5356 LsTMOEgds Fob3d Fg360gMHMS Mg XFMBL ogblbsc Lb3zsLbZS
RBODOMEMYPoMOo 3MMm39L900. 3-3083-U IM35¢0 MYxMIIos Lsdobby od3l. dobo
LodMogd00 bgds BMLRMOgLogMIHJdoL (Bwg) (Bender & Beavo 2006), 303¢0)6H0
6930 9mGH0gd0m  ©9F0d3Oo  Jsmombmmo Mool  (360s), Tom  ImEOL
3039603 5MH0D3000 5430306093500, (303eIMH0 530 gMEH0Yd0m  ©F0IIOIEO
sObgdol (336) (Biel et al. 2009) ©@o (3-2908-©9M3000)0MO 3MMAEHJ0b 3065Dgd0L
593035305 (33) (Hofmann et al. 2006). 9mEgdme Losolgd@Esgom bsd®mddo B396
d930LHogwgm ®3 6godmbadol 336 sMbgdol gargdBHOMBOBOMEMYOMMO M30L9d9d0
Lo3MBEHMMEM s 332 IBOGOGHYIO Lo9JL3gM0IBEH™ (3bMmggEgddo.

3039603 5H0Ds300m 593030690500, 3030 Bm3gm@GHogdom
530336090 3530mbmEmo  s6bgdo (33D) 30MH3gmo@ 5BMmsbobgl 1970-1980 (iewgddo
sinoartrial node “x®9wgddo (Halliwell & Adams 1982). 9ol 99009y 59 5GH9ds doog30s
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15990030bMm EoGYdo dMIMFs3g 93309356M9d0LS S BODOMEMYJdOL Yo ®gds. 336
5Obgdo MB03oMMH0s  Mog0L0  0MbMMO 49 BHIMYOXMBOLS O 3MBHYB30S-
©59M300090gdol  dobgzom. 30650sb, olLobo  3m@E9bEoswr-sdm30YdMYo
5Mb9g005, 3039M3MIMO0D305 BsMO 5dBH035300L SYEOEGOJO 30MHMDS. Boasad 0lig3939
MmamOmE Bbgs sMbgdol dgdmbzgzsdo, 336 sMbgdol dmEMEoMgds begds »xMm9II0s
99399 gdom, 59 d90mbggzsdo 3030 bmzwgm@ogdoo (Difrancesco et al. 1994).
3m63mbgdo s bgomm@H®Mmbldo@gMgdo, GMmIwgdog 0§39390 303WOHO 50gbmbob
9mbmBMmbBsGOL  (3-908) ©™bol  AsBOIL, 95dBH0MYOI6 336 9Ol  BobgzMoco
543030698500 IMMEOL OPII0NO 3MmFHG6E0dOLS30 49FI30 s B5ToLoSTY,
0039396 96MbgdoL ool 306930300 2oBOHPIL. 303WMO 693egMEH0IOOL Fooeo
3M6396@®s3ool  990mbggzsdo  sOBJOIOL  2omgds  bgds  M@d™m  LHOIRI© o
LOHYEYMBOS®, 3000MY V0 3mb3gbEHMms300l ML (Difrancesco et al. 1994). gb
X905 IM93wqd0 599469096 Jodom 353806L 336 sMbYdOL C-3gMHdobscrMo
Bsforol 303060 bm309mEH0gdol ©s8535380609d9 MIgbmsb (CNBD). CNBD 336
5Obgdol  533M-063000FGHMOM ©MIGBL HomTMoygbl s Fo8slosdg, o3 93939000
dmblbsll  dm3y3zgds  oMbgdoll  goblbol  gos30wgds. wxMgool  3Ho3By

©59M 3000909900l obgO30m 59EH035300L IMOL Q9Ib(33gds (3-5893-0 BoxgMo
306396@®Ms30ol 99dmbggzsdo 0-20 93-05. ©59m©9bodg 33¢g30L Msbsbds, 35 ©9bol

9mddggds 91939 MMM IYdS  (3-398-00m. d9doboBdo 030395, M3  3-99%3-0b
d900bg3935d0, o600 336 s®bgdol IgMdbmdgEMmds (3-59g3-0b dodstom 10-100-x 96 »RG®
95050o.

336 96bgdo  Fghgme  3900mbme  sMbgdL  [omBmoagbl s  Bm®TseH
RBODOMEMYoME® IEAMIIOGNDSF0  5BHIMIOL OMAMOE bosGHMomAol, sbg3g Jowromdol
00bgolL.  3039M3MmEsMm0bs3os  0fj393L  9®bgdol  2oblbsl s  xGgol  Jogabom
9095600 303963Mm5MH0Ds300m  5§BH0300905©0  (35) ©gbol  5©TM396905b.
g4m3gogg 595 dm3y3zgds Na* o k' 0mbgdol wx®gdo dgbgws s d9ddMsbols
©93MM0B305 Imddgqdol 3mEHbEoswols omdmddbols BRMdWdEY. 336 sGbgdo
00mJdol 56 5BHM9dL Li*-0ol 0mbgdl s dwm3zoMEqds Cs-ol ombgdom (Ludwig et al.
1998). @©@gbol  s33WoBHMS @S ROLOGIMYIIWO  0mbgOol  MbIFIOEOMDS

©59M309dMW0s  MXMgoMg k-0l 3m6396@G305Dg.  MXOgsMg k-0l
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306396@9300L  dmBsBHgds  0figg3b ©gbol 330G ol  360d369eM356  ABMOL.
90bgoz5 0dols, MMA 336 9Mbgdo 9O 5BHIMJOL SBombgdlL, oo FYOABMDOIGYS
X 0903509 Cl- 0mbgdol 0dsM00. oo bbol 256353cmdsd0 BoJOHMd©bIb, GMmd 336
3OHYO0 5BHMYdS bMMm© IMBMZ9abEHMM 35000MmbgAL, FoEsd BMAogMmo 33930l
0565b3o, 98 sObgdol 39d39mdom bgds 3069 M9Mm©IbMdom 35e303oL 0mbydols
393969053 (Yu et al. 2003).

bbgs  3m@9b3E0se-odm30g0Imo  ©gbgdologsb  oblbgeggdom 35 @gbo o6
bsbosmgds  0bsgdBH035300m. MO0 3069303MMO©  JobLbgeg9dMEo  3mB3mbgb@o
39606Bg35 58 9oL 5gBH0MOMIOL EMHML: 30609 BMmIol dyolbogMmo ©9bo, MHMIGEos
d0wo0sbs©  9JBHOMOPds  MdMm©Ybodg  dorofsdol  Qobdsgermdsdo s By
3963000690500 3033mbgbE0, HMIgEog 50Hg3L LBEBOEME FEYMIIMYIMOL  SMYMWO
90¢0(s80@sb M59mgbodg (odol gobdogermdsdo. Bog™Msd 35 @gbols oBMA30L MM
dgologMo ©gbo 96 doosb 30695, 9B LoghmMm® 5O 500b0Bbgds. 85906, MMEgLSE
3656506M0 9330 96 5MHOL, MMI bgwo ©@gbo  35WOMBIBOL  F9BHIMYJOO®  50IZMGDS,
dgologMo ©gbols ¥69ds 2563393905, Fglodems ol Ho®mdmoygbgl A9gmbzs
@9bL, 96 Bsbsfgmol sOGHIRIAHL, OMIgos 4odmfzgmwo Mbs 0gmlb 53539 S6bBJo
3OO0 dgmeOg BMOOL SMLYdIMOd0m b 336 ¥ObMIB H35380MgdMO b3y SMbYdOL
303mws3000 (Proenza, 2001). 35 0gbols 30693035 29bLbbgzs39dg0s. Gmymea fgbo oyo
59BHomm©ads Bogdom@ bgws, ™ol 3mbLEHBEGHS gygmdl Msdm@gbodg sbgero
90wofs80sb  mmsdg. XMool  BHodby  ©IIM30YdMEgdol  dobgzom
593H035300L 3m@Egbgoseo dgMygmdL -70 - 100 83-0b 3G 9ddo.

33D 9Obgd0 s0dMBgBowos bgMbgde0sbgdls s BMmA0gmo MbgMbgdemgddo, doasd
3ol 56 Fgo393L bLM3MYdO s 3OMZSMOMEHJOO. MMAMOF BMOOL T9d;339co bbgs sGbgdo,
336 96bgdog 3mI3gduEos s mmbo LdgOMYMEom oL Fomdmygbowro,
MHMIWadoE BMOOL 25MTGIMS  MBg0MGOMMOo. PoMMgMEo bdgMmIMYwo TJo3o3L
G®bldgddG6 M, BOAM3OHBIME N- Qo C-3®9cmdobser® ©MI9bL.
G®obLIgAdMBMo ©mIgbo Fgagds 9J3bo a-helix UgadgbEoLoashb (S1-56) o FmGo
foM0mogddbgds  Igbmmg s  999d3ly  LgadghBHodl Tm®olL.  FoGMIWsHdINmo C -
A96M30bsewo Jgo0393L 3030 693egMmE0EOL 9853530060909 ©mdgbl (CNBD)
(Craven & Zagotta 2006)(bvy6.7).
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. P Tamalin
ilamin A— Mint2
“%?acoori }s-scaM ] csre

TRIP 8b

by® 7. 336 sGbgdol LEHGMIBHOOL Ldgdo@ Mo godmbabrmgds. 336 sObgdo GHYGHMEIIMHYdOS.
0300090 dmbmdgmo 04dbgds gdgbo GHMIBLIYIIGBMo bgadgbEobogsb. C-EgMdobscrydo

Boffoaro 8903936 303M0 6993c0gMmEH0Yd0L ©HT5353806MdgE MIbU.

ddm3fm3z6MHgddo 336 sOHBdOL MY sbo mmbo §g3m00 s6HOL FoMdmoygbowo: 336 1-
4. 336 5OHbgdoL MR 9H0L 336 1 bobosmMYds 59BH035300L Y39y LGSR0 30bgEH0300.
593035300l OMOL 3mbLEBES dgeyqgmdl 30-300 doerofjodol Gotyargddo. 3 mxsbol
bbgo (000850 gbagdoliogeb  goblbgoggdom 336 1 936®ddmbgermds 3oz eo
6930 9mGH0900l 8085600 5056 F30695. 530l gO0-9M0 J0BYHBO Fg0degds ogmls o,
™3 59 sObol CNBD-om  259m{)39e0 99393905 dogn0sb bgli@os. ds@omerss, CNBD-ob
Pods, GMmIgEoE 36M5JGH03Mws© GHMbMMmo 93939008 dmblibsls 6036536, Mool 56
330l 5GBOL 2ogdols 30693H035L. 85306 MMPgLyE 336 1 98 MK sBOL Yz9w sy LHGsx0
0o00mB5969w0s, 336 4 53§B0353300L Y39eBg bgero 3069303000 bsliosmgds (Ishii et
al. 2001). ™oL 3mbLEBGHS Ls3d5Mm© 303g9MH3MEWMOBIOM 3MmGHIb0swDy (-14003)
50mgb0dg sbgMEo Joofsd8osb, bmm dmbzgbgdol 3m@GbiEowbg Modmgbody
0005009 99MygmdlL. 33b 2-0L 5gd@035300L 30693035 336 1 o 336 4-0b 5dEHogz530sL
dm6ob 6oL - 1508(-0056 1 §-ob gotyargddo dgeyqgmdl (Altomare et al. 2003; Baruscotti
et al. 2005). 336 2 s 336 4 56bgdO 537505369996 303 MO b4y3cgMmE0YdOL JodsOm
oo daMdbMmdgermdsls (Ishii et al. 1999; Ludwig et al. 1999). 336 3 s6bo 3bL-0 bsdmgbos
dbmmnE  MdmEgbodg  xamzol  dogh. 3363 937FMwoMmgds YR MII0S
3033560GHFIPGHTo @ do0sb o6y MoMmEIbmdomss  9JudMgLoMGdIMWO MR MHgEOL
B9s3060H%Dy (Stieber et al. 2005). 53 s6HBOL 5gGH035300L 30693GH035 250-4008(-05. MmxsbOL
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Lbgs $936900Lsg06 A56Lb3539000m 58 0BMBMOTOL 593035300l 255030 9ds 56 bggds

303 OH0 5m3wmGH0gd0m, MBOM 39303, BMR0gOmo 33393560l doge bsbzgbgdo
0g65, ®md gl g3 gdo 0f)393L 6ol 0630doiEosl (Mader et al. 2005).

2.2.1 s6bgéob g9b309bos Jbmzoemddo

33D 96bgdo bs3mzbos gl 36L-Ls s Mol Jumzowdo. 0BMBPMEOIGOOL
994b3M9gLOS HFMI0YIN0S 3060l MBIEBY s S193g bM39WOL Lobgmdsby. 336 1
99b3MgLoMGdMWos  sbow  Jg@ddo, 303m3s8300, (390G ME  Jatdbs s GH30bol
©9O™J0. oS 530y, 030 BMYGYOL 3306303 0465 sdmbgbowo (Milligan et al. 2006).
336 2 530L 3060l ®0mddol yzgws GMguombdos Bobsbo, dswswo  gduegloom
3990060935 o sdMo s BH30obol ©gm (Notomi & Shigemoto 2004). 336 3
395G mmo BgM3zMo LobEgdsdo sdswo mbomss FoMdmygbowo. g439wsHy
©OEO 650 6mdom 33b3gds Ybmlbizol dMM(3390Ls s 303MmMHEsTMLOL DmPogOm
dommgdo (Moosmang et al. 1999). 336 4 Fo@owo MOMPIbMBOMSS 9Ju3MHGLOMGdIYO
05308 33060l BMYogho 15630, Bop:  0EsdMlols Bbgsolibgs doMmzgddo s
gbmbigols dm®3390do (Notomi & Shigemoto 2004).

2.2.2 336 sbgbols 30bocraenmgorymo teagmo 6906069800

33D 96Hbgdo boliosmgds 8090 Moo 96035¢ MO dBoMBODO3MMO MN30L9dgd0m,
MOmdgwog  dbodgzbgrmgsbglbos XMool  gargdBHOIemo  3sLvbgdols o
50aH690500MB30L  3006EOMEOLIMZOL. i sMBYdO bsformdMog oblbowos dmbggbgdols
9900656 3mF9630sBg s  dmbofloergmdl  dmliggbgdol  3mBGgbioscol
M9 S30500. OB REMOL MmO gosdfy3g@ 30Lgdsl, oL dglHozL  Mbso
00boomBgamds qomfoml HMYMOE ©I3MEsMO0DBI300L, 51939 3039MH3MEsMOBIEOSL.
50939600, 99 @bl Fgmdeos Mx®gdo 99dsgzswo MMaMmOE 999535390900, 8939
5053B690900  BEBH0dMEol  FguLBHJds ©s  LIdMEMME  MXGIOL  dgIdMBYO
33963050l BEBsdowobszos (Bayliss et al. 1994; Mayer & Westbrook 1983). 59996

399306567, 35 EIboL sOBYOMdOL F9dmbgzg35d0 X MII0 F9o350 5oyHBbIdgO
18



099 09953939990 0339bo 0f)393L 39ddMsbmwo 3m@gbaoswol 930609 (33e0wgdsL,
3000609 ©9bol o6 5MLYdIMIOL Fgdmbgzgzsdo. FoTolosdg, gb gbo 0di3g3d OMYMEOS

33963050l 35x30JB0MGdg0, F5EI3MWIMH0DYdIJWOo 0¢) F53039M3MIMODYOIO
Logbsegdols Lofiobssmdgam dodsmrmegdom 99d6bgdom.

35 ©9bol BB MYJYIEOMPYOS FMSZSEO BODOMWMYOVIMHO 3OM(3JLO. 00
96003690356 Gl sbOEgdL Mol 3990l 399m{I3g35Ls O MYYNISE05T0. FoMS
5doby, 35 @gbo  BmbsHoegmdl  bgoOmbme  (6Hggddo  Mo@IMwo  59dEGH03Mmd9d0l
Do0mddbsdo (Dossi et al. 1992) s olbgo dsBoly® byodmbme  36HmEglgddo,
HQMO030: 3990M96990 3mEHIB305olL 2obloBE3Ms (Day et al. 2005), 9b®o@vero
06@9aMs30s (Magee & Cook 2000), LobsgglbwyMo Ass3gds (Beaumont & Zucker 2000) oo
9306556 Hodmbyemo dbg3zgermdomo 0bxm®mdsool Mgawomgds (Demontis et al.
1999). 3 56bgdol  FMbJ300lL  MM3935L  FMm3Y3zgds  Lbbgoolbgs 935090930l
3963056905,  GMaMmMo@Ess  dMds  dgblbogMgdols s IMGHMOMEo  EILHIZ3EOL
39095619905, 930gBLOOL BsTMYsE0dYDS, 39M0RIOO0IO BIOOMI503M0 30300l
5 3960 bgMH3mwo LobBHYIoL F9MIM J9MEOMZIBIM SO0 OI9350JOJOOL
3963056905, 336 9Mbgdo 51939 MY M0Mmdgb Lbgzoolbgs bywro mbowsizogdol,
MHMPMOOGSS IE)S, MYBS O MOMOLEIMS MB30MS30900L mddggdsl.

0530 3. bEoEs3E0900

A3060l Lbssbbgs 2ds6d0 Mo@dMwo mbEows30gdo bgodmbrmo 3538060900
9OM-9000 Jobollosmgdgel Fomdmoygbl. 53 OGOl Fo®dmddbs 353806090 ME0s
6gom™Mbgdol  LobdOHMbmw  5dBH03530sLMb.  LobdoMol  dobgzom  AsbsMhg396
MbEOWS30900L G5FMEIbodg BH03L: IWES, MYBS, SEBY, BYES, 39Td S LHGSZO Mg
mbEows30900 (Buzsaki, 2004). ¢30b60l Go@dgdol Ho@dmddbsdo, LobdOmbobsgosts 0y
©9L0bJOMbOBIE0sT0 Fmbsfowrg 6yoM™mbgdo doM0MIIE M93dMYMOE0s (396MJOMIEIME
496480, 05esdMLLo s GH3060L PgOHMUL, 3565 303MmmMoEsdMLOLS s dsBomMo {obo
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A3060l ImMWsGHMOM LolEGgdgddo. sHseo JgMdols s Mo sdMLol Byocmmbgdols
oo  bsfowro,  OmIgmoi PsGomos B3obol  Go@dgdol  (ocmdmddbsdo,
MOHN0JOO39300609dMW0s.  OMAMOE 339 900b0dbs, MM IMEMEH035EMMO
LobGgdol 3608369 m356 3m83mbgbGL ™3 6g0MMbgdo HomBdmoygbl. ™3 MXMgLIdOL
909JGHOMBODOMWMY0MH0  M30198900  Fob30MHMdYdMos dgwo Gogo ©Ybgdol:
OMIO0M0  35¢30w9dol ©9bgdol (transient /fr), F50oHBOMOBICMZs60  35¢30Mmdol
©96900L, Bo@GH®OMol dM©To3z0 ©Ybgdols @S  3oer0wdol  Lbgoolbgs @gbgdols
5OL9dMd0m.LYMMg© gl Jobsbos™GIWGDO 496530MMBIOID6 PO 5TMMHO MB3OES3E0JOOL
§o6Bmddbslis s LobdMmboboiosl (Steriade & Mulle, 1985). 5ds9Hbgdge0 033490 boL
Bo3oLvIbMm@ MoEsdMLOL LoMgErgm YYxMHJEIOoL bgoM™mbgdo Mo GHodol sbdmbE30L
35396MbL 5B39690L: BHMbMGmO s s8gmJgdgdo (LM. 8). 30dools S 3O MJLYEwo
dogooll @OML LsMgEwgm MXMIEOIO0 ©I3MEMO0DBJIMWOos s F9dmTogzsen Logboels
3o 39I0 585Bb69d9e0 9mgdggdol 3mE)b3oswol Hoedmddboo 3sbbmdgb. 5906,
GEIbs3 ool EOML  3039MH3MW MBI LoMgwgm bgoOHmbgdo  sx39mgdom
39631bE35L  29603056. gobdMbEHZ0L b MO0 BMOTs 365009369356 BgAs3gbsL
3bgbl JgmJolszgh 808sg35¢ MbBMMTs305DY. W30d0EOlL ML LaMgEIgM WYX MIIOOL
3903390 6goMHmbgdo s1939 29603MbBHGO0E 953900 d9d9d0m, Toa®med 53 ByoMmbgdols
500bMds 1%-bg b530g000.

3.1 ooomobhstgdo

00m0LEHIMJOOL  FoMImgdbs bgds dogrol  sEMIME  LEGHIOsDY, MM
999 GH™M9b39BOIMYM5Ts JoolHmsxoL LobIOMbOBE3O0Ls3Ih. gb MmbEowszogdo 8-12
33-0L BoeRgddo 35603MbEJds s boby®mdeogmds 1-2 odls gopqblL. MmomolEscMgdol
0o00mddbs bgds mowsdMlido, oMo LOdMEWMM RMOT0MIdS ©S LObIOMBOBIFs
JoOdol  493w9gbsHgs  ©IIM3I0WIOIMYWO.  POMOLEHIMGIOL  POsdNMHO  FoMIMmTMdOL
50dmPgbs 93538009005 dMMOLMBOLS s BLYEOL Lobgermsb (1945). dso 5B3969L,
MOmd  ©93MOEGH035300Ls 5 33060l PgOML  BHOBLYJ300L F90IAS3 bgdMm©s 3

030900L 2505MRYBs. 1oBsa09MM®, M9BH03MWYOHO dOMM30L b3 393905 03930
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MOLICMO  MOSFNBT0  MODOBBHIOMWO  5JBHOZMOOL  AOMBOBIMGOSL, B3
90900m90©s dob 9E030 O FoOHIMIMdsYy (Steriade & Mulle 1985). M3 godsgGymeo
690M™bgd0ol Mmbgw 3oOHBOEHL oMMy gbl, H®mIgeoE 993mLsBOZMZL MHALEHMIEME,
WHBHIMOME 5 396GHMIWH MosdLlL (Jones 1998). gl doMHmM30 0YdL byoM™bryen
393006090L 305300, FH3060L VgOML OHMLEMIMOO bsfowowsb, JgMdowsd o
05BoEMMo  Jobs  3H30600.  @MOLIMGO  MosdMlo, MMIwol  BgoMOmbgdos
36MHM9300905 39690MINO JgOJdo s M3000mb J9Mdo, 5dw0ghmgdgb MomOLEIGME
mbEoWs3090L, 35806  MMEgLLE, G3060L gOMLs s BdsBowrmEmo [obs  BH30bob
9@ MOHIo LobE)dgdol 5dEH035305L 3m3yzqds MOMOLMSEJOOL T9hgMgds S 99y
543035305, M9BH03NWNOHO  B0OMZ00  2odMTszso  033MWwligdo  3MEIXEIYOS
QMOLICMO MOSTMBLS S OMLEBHMIMEO 30608 gM™mdo. dobo s3egbs Jgcdby
365306053000 aBom, M3 bgomOmbydbyg gogwgbom bgds. MgG03MEmMo doOHmM30L
X O90JO0 9OM6gMb 535380090 0s CMAMOE MXOJOOL bbgmwgdom, sB939
©0960M0E900m, GMIgGrms 39H03gd0E 39059MyYos (Williamson et al. 1994; Yen &
Hendry 1985). ©09b0®Mm©boModmeo 353306008 ©sbodbmwgds 0moli@s®vemo
mbEs30900L  LobdOHMboBsEosl by  gdLobmMgdmEal.  03Mbm3olGHmdodommo
3mbs399900L sb65bHTo, MYE03MME doM™M3do 33b3Yds sbgzg gap junctions, Gmdgrol
©56036mwgds3 91939 MBEOW (30930l 25d0gMYds MBS 0gmUb.

olgg OMmamO3 o3 bgodmbgdo, -0l byodmbgdoz J3gz000 IYMIsMIGMdOL
d9L505d0bod Fgodegds 2960FMBEBHML B39O B350390000 s 58JNJJdgdom. Md-Is
Bgocmbgdols OIOEYQION Lbbgmengdo, 31939 ©9bMo@qd0 9005
Q350 HBOMOIM3560  JowEomdol  sObgdom, M3  9BgMJgdomo  obIMbE39d0L
§o03mgdbols Loggmdzgerls Jabob. doerol SEMIME bEHOSDY MYEHOIMLMO BOOMZO
0flygolL 5 8-1233 LobdoMob sx39mMJgdg00m 4963MbEZL, 03938 M3 bgomMbgd by 8-12 33
LobdoMolb 89953539090 3MBELOBIRLMOO 3mEgbE0seolL FoMrdmdabsl. 3oL Lodsbybme
03 XMoo  2s60dmbEHgds 200-400 33 LobdoMol M9dsmbo 9983900d9d90000
9m(399M00 35dE09M0ME0 5350 BbYdg 033ligdo 0fj393L MB-To OMOLEIMWIO
mbEGOWSE0900L 25d0gMgdsl. 53 59EH03MmdOL [o®dmddbs m3 byomm™mbgddo 35d0b bggds,
MOy 099066 mwo  3mBGHYb30swo  3039M3MWsMH0bgdMmos  -60  -65 33-0b
396 gddo, o3 odsbslosmYdgE0s dool MM 993 LobJOHMBOBEFOOLIMZO.

21



LobdoMol dobg3z0m obs®BRI396 MOMOLEIMYOOL MmO GHOZL. gl sTMI0WIOIMW0S 03
690M™bgdol 303903 sMH0Bs3o0L  boby®mdwogmdsby. boby®dwogo (150-200 df)
303903 5MH0DOE05, MOLYE SPAOWO 5J3L BIMOOE™MEMSEJO0m sBxLBMIHBOOL EOHML s
31939 ©M3s 993 LOBIOMBOBYdMEo FEYMTsMgMdOL ML, 0393l 8 33 s MBO™
Bogegdo  Lobdo®ol  MoMOLEGHIMGdOL  HoMTmdabsl. 8sdob  OM@Lsg  FgIMYd0m
b56dm 39 3039MH3MEsM0B30s (70-100 F) oLsdsAL 5dergal dowowro LobdoMol (10-14
33) ©0000LEMGIOL [omdmddbsl. 09Esdmlol X MIOOL 3MLELOBIRLMMO Mgdsmbo
58390990900 250593995 J9Mdu. oL 2969dg MOSTMNOO POMOLEHIMGOO 56 S0LbYDdMS
Ja6Job 995-v9.

35806 MHM@gLYE, 00MOLMSEJOOL FYgdsdo dmbsfogmdL B BOMOHBLMZ560
3930930Ls s 3mGYb305W-©sdM30©YOMo  BoGMmomdol  ©gbgdo, gHm-gMmo
303mmgBol obsbBo, 58 G0GTJO0L IFMO3MY05T0 Qosdfy39BH0 8600369 mds 35
©9bL Mbs 3Jmbgl (Bal & Mccormick 1996). 35 ©9bol dv9d0g odEHo3s:300L Im3y3z9ds
9056 39300l 58390390000 godM39wo MY MII0ES 34300l 0mbgdOL
MboL goBOmEs, Moz Mog30L FbGMog 0()393L 39e30d HIMIO0YdIMO SEIBOO
303Dl 0BMBMOTOL 5JFH035309L s (3-59g3-0L IMToEHYOSL. Yym3z9e039 S35 Fm3Yy39ds
35 @9bols 5gBH035305 @s dobo 89939mdom boGHMomdol ombgdol wWxGmgdo dglgerols
399030935, B5goMHMbYdOL I3MEsMODBIF0S O MOMOLEIMS  BHoWMgdol F9hgMgds
(Liithi & Mccormick 1999).

3.2 @@ Hsregdo.

dogools  2o0®M3o3q05Lmb  gPms©  bgds  MOMOLEIOMWO  5dEH03MdIdOL
3999P0b569ds s 99-Bg BBgds oo s33eodosbo, bgwo Lobdo®ol wgwds (8)

AoEgd0.  bgw@Eswomgzsbo  dowol  MmL,  GmEbsg  JoBdmwo  5dGHogmds
LobJOHMBoBYdMEos (Steriade & Mulle 1985) o m3 BgoOHMbgd0 3039M3MsHODYdINYP

d3™3oMHgMd5d0, J9gMdol go3wgbs ™3 s ®d-0b 6yoMM™MbgdBg 456b39390ME0s. JgMdol
Sbgmo  LobgMmbobosgos b gargdBHOmbmwo  LEHodMwo  0fj393L  O9GH0IMEMOO
690m™bgdols 53H6gdL s HoGIMwo sx39gmMJd9gdoL oeBmddbsl. gl 30 msgzoL dbGO]
39053060Mmd90L  »3  Bgembgdbg bobaMdwogo  0b3odo@memwo  JmbEGLobsgLMo
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339630500l 508M(396905L. bgarEowmgs60 doerol MM M3 03wweo BgodOmbido
0o00mgdbosb bsba®dwog s FooelobdoMm™m3zsb 993900d9d9dL, 35d0b GMmEILsg 03039
Bgoem™mbgdo mw30dowols @s 35Momduero doeol MM 4960dobEJd0sb GHMbMEs.
g4m39wogg 595 dm3yzqds  bgwo dogool  @OML  »3  6gommbgdbg  dwwrogho
063000@3HMmOMwo  3mbGHLObIBLYMO  3MmEGHIbE0swol  o@mBmddbs s O godmBgbs.
GowEgdol Lobdoy dgeyqgmdl 1-4 33-ob Robawgddo. obs®BRIgz9b ™o GHodol &
5d3H0gmdsL: gMmMo 393gamM0s (<1 33) §o9m0ddbgds JgMddo s bgrmbegdgaro HBgds
05539JBH™A0L EOML.  dgmeg Godol 6 Bbgds 0osdMlido s ©Y3MMEH035300L
090009353 9sdMLoL  M9B03MNXMO  B0O™M330  [oMdmoddbgds s 995 BH30bol
9GH03NWNYO0 RMOT5300L  LEH0TNO3000 25dmMf3gMo 99y 9SJG03Mds 0f)393L 0
GOId0L  49dMmMdsl. 98 BHodob & Gowmol »xMHgwo dgdsbobdgdo  Ls3dom
@M35ss  dglHogerogro. 85806 HMLSE  MOMOLEHIOWMWO  MBEOEISE0JO0  MBOM
LOBORLYE boliosM 5BEHMYOL, 1n Vitro IHMIGOOL Msbsbds (Mccormick & Papet 1990), o3
6g0m™bgdd0 ©aw@s MbEows309d0l Fomdmddbs 393006093 Mos MmMO ©Ibol -
QOMIO0M0 35¢30dob S 35 IBOL MO0 GOHNMDSTIOMAMISLIB.

A B burst mode transmission mode
depo‘-m
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LLEELLLT LY o b b oL
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removal
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@ 8. 35 boli MO MoEsdMo MUEOEsE0gdoL FoMdmJdbsdo. 3 bgodmbgddo gw@s

Go0g00L Homdmddbs 5353906090 0s IBIWDMOIW™M3Zs60 Joe30mdol gbols s 3o
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960l MON0GOHMI5380006. 3039M3MMO0DBOE0S  gobs30MMdJOL 35 ©9Ybol  5©IME969dsL,
MboE 8m394390s 6goMHMbYdOL I3MWHMODBI305 IO BOMMHBIMZs60 Jse30mBol ©9bgdoL
5930353006 BOWMEOOdMAEY.  39w3E0wydol gbo ™mogol dbGmog of)3g3L d9ddMBOL F9dyma
©93M5MH0Do300L s FoslobdoMmgsbo 9mddggdol 3m@gbaoswgdols Fo@mdmddbsls. sdols
dm3gg90s 998065601 M93MWIM0Ds305, Jo309dol  ©Y6JdOL 0bsdBH035305 s 35 IboL

3909030 ©95JGH035309d.

& Bowgdol Fomdmbogdbgwo 993d6sbmwo 3m@gbgoswo -65-70 83-Bg dg@o
265 0g4mb 3039M3mmsM0H9d0. 89806560l 3039MH3MEsM0bs30s 0f393L 35 9oL
50dM396905L, MG O30l AbGMOZ IM3yz90s bod®modol ombgdol »xMgdo dgligers
999836560l Y3 IM0BS305 IVIWDBOMMHDBXMZ60 35¢30M0L HOBYOOL 59035300
DOMOMdIWII©) ©o  Fo®olobdo®mzsbo  dmddggdol  3m@GHgbioswols 9993390
5839mggd0m0o  3963MbBH3go0L Homdmddbs (L. 8). gl JgdEMTo ISMWHMODBF0S
3965306Mmd900L 35 ©gbol  ©YodBH035305L.  BY3MEsmObs3os  0fj393L  F9IdMIBOL
3039603 5MH0Do3E0sL, 35 IOl ™300 9gBH0353058 @S FOZWOL 25TgMMGISL. 003
Bgo6™bgdols domoliobdo®mmzsbo 135039008 899339000 983993900 0§39396 Jgcdol
3065000 MYRMIIO0L  saBbYdsl,  MMIgog  ®msgzol  dbMoz  gBHegzbol

3ME9F5BHIORM  0337bgdl  Md-ob  dodsOmgdom ©@s  0of393L  Mo@dwo

5839099000 2563bGH3900L  45d0gMHgdsL s BOdMEWMM® 993 ©IGAS BHOWMIdOL
Bo9MYoa0d9dsLs.

0530 4. 55m@E0l dmbsfioegmds dogr-030d0e0ol 303070l M350

5m-0l  Gmeo  Bbgoslbgs  BoBomEmaom® 09 350MBOBOMEMYOME
36Mm39L90d0 396 SMOL FgLHogeroero, s ol IMbsfioEgmdsBy dowr-mzodoeol
3030l M9aMs30580 3mb8WwodEHMo 99093900 SOBYIMOL. M30LBWSE TMIMH]3
30005239030 303539 EOO FJOMPO® 5Mm-0b MH3MEIbMOOL AobLIHBW3MST sB39bs,
Mmd dobo mbgy Jgddol BOMbEIEME bsfodo y39wsbg Fowswros ¥30d0EoL OMUL
5 93060905 bgero dools (-6%) s 3565MduveEo dogrols (-9%) cmml (Burette et al.
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2002). 03039 89092900 0gbs bsbosbo BHz0bol Lbgs Mgaombgddos: bsmbgddo, @GHz0bol
©96H™do,  303mmowsdMLdo, 3030m3od3Ls s 30MHMoa30L  B30bol  bgs  Mdbgddo.
055399530 50-b VX MHIORM 3m63IBEGHME0S FoLw0s ©30d0WOLS S 35MSEMJLICO
dogol EOML s 3603369w™m3bs dz0M©Yds bgero dool gob8s3wMmdsd0. Mo 58O
5m-U Mbols AoBM©s BEds WoEIOMOMOBIMOO  3H9dgb@mdol LEGH0IMEsE00m
(Williams et al. 1997). LsdoMob3oOm Lm@omo odbs bsbggbgdo mOLsMG Goxgqgls
00MOM3Mb  ©5353006M9d0m. 33060l 53 Bofoedo sm-U MIMEYbMds 0BMEIds bgero
dogols 4968530 d5d0, 3olo MBOL {935 20T GdS 35M3EMJBIEo dool EMHML s
Q50505 30000l gobdsgemdsdo (Cle et al. 2004).

9dmb5399900L 1TgEHgbmds F0)MO0MGOL S™-U Y0 MMWDHY bgero dowols s
356500MmJuero ool MY S30530. 5Mm-I EMbmEM9gdol 3-morpholinosydnonimine
(SIN-1) 5 S -nitroso-N-acetylpenicillamine (SNAP) ob@®Ms3gMo@mbgocmydo dggzebs
3060052390L5 @5 3539000 BOOL bger oy s 35M9MJLvE dodo dodSMm9dYIEn
©OML  (Ayers, 1996). Ubgs 0mbsggdgdol  mobsbds,  3sMomdbmeo  dogrols
3obobaMdo3gds bmM309w@gds bgero dowols 99930Mmgdol 3oGMowgw®s (Burlet et
al. 1999). 58539 O™, 5M-0l LObMYEHIBIL 0b30dOEHMMYdOL LobEgd®o (Dzoljic et al.
1996), 0b@®39090MHM™396EGHM03MwmEmo (Ribeiro et al. 2000; Hars 1999) obgdisoo
306005239000 593060908  dob.  5M-0B  EMISXMOO  0b9gd30s MOBIWE  MORIL
doMmgdo (Williamson et al. 1994; Monti & Monti 2001) @5 85Bs¢06 §obs 30600 (Monti
2004) sb939 0§393L dools boby®mdwrogzmdols dgd;3060gdsb.

bbgo 33093900L 09bsbTo oM Mbs dMbsfogmdgl ®30dools Asdm{)39353d0.
5m-U MbmMol  5ETobobBMozos  0fi393L  Jgedbs s MosdmliBo  bgomMbero
59BH03mdol  gobMmEsL (Cudeiro et al. (2000). dg6ddo sm-b MbsGo 5Jgl  BosbImUb
MbEOOGHMOMMO  AoBTMbBHIs, 8580b  MMmELsE, sMU-L 9bGIYMboLbGHO  doModoom
5930090L  MXMgJIOL  5aBBYOIMBSL. U MODOYPMYSIMIOOEbIZ30 9900
390d9ds 50bLbsL 0dom, ®MI st bolosmMEYds Imddggdol oo 1B3gdEHMom s bsco
593 B9go3wgbs IMIbEObML dMegzscn 30WsHY. IGNMEMEMPOMMHO  goblibzsg9dq00
g4m39m30L  AoLom35¢olobgdgwros.  MHMYMMOESS  FoYIWOMO®,  ASBbLBZ390 o
0o0gdol  go8mygbgds, 0bgdiool  aoblbgegzgdmwo oM  (Bsogro s  dbgwo
39600m©9d0). Mgl IOMIgddo  25dmygbgdos 9GOy gdBHomGo  smb
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0b63000@HmOMwo 069930900, HMIgoE 493egbsl BBl HmamGE 9bmmgMo,
31939 6900MbMwo smb-By. g-5ml LobmgEIBIL 0630d0MYd53 Fgodewgds 0dmddgml
dobHg 960330603000  dBom, Lolbwol (bg30L  goBGPOom s  Tgusdsdolo©
39693656 Lobberol d0dmd3930L BMmEOROE0MGd0m. smb Lb3sEsLb3s 0BMBMGOIGdO
3obLOb39390M ML 05353Md96 dool Mgy MEs30sdo. IMbs3gdgdol Msbsbdsc,
dog-030dool  B3MBEBMO MgamEs30sdo dMbsfogmdl B-smb, 85306, HMEILSS,
dogoll 9360035305 03936 0-5mb  5gBH035305L.  LsobGHYMglms,  GMI  dogrol
9360035300 359390 sdmfigg3oo  sml  gdu3GMgLos  BYYMIEOMHYdS
G®bL3M0RE30ME Mbybg O 393006093 MW0S 0-5ml OHMYMEE IgugbxgOmwo GBI-
ob, 51939 3G 3HJ0bMWo EMBOL FoBOHILMD. 0-5b 5dEH03Mds bgds doe0sb LGMLxs®,
doewol 30639039  Losmol  ©g36M035300L8  OML,  GOLsg  Mbs  3dmbogl
Bgommsd339emdomo  gMbJaos. 6-5ml  6m3sGH0MgdME o390l 3mbEGOMM ™Mb
3905609800  509b08bgdsm 6530900  35M0MILeEo dogro, 35dob MHMmEILsE, 0-5Mb
Bm3om@ 933900 5BoMgdgb 860d3bgerm3bs o ©OHML  ZoGMomdlyer  dogrdo
3MbEHOMmsb Jgscgdom (Chen et al. 2003). 3595b5¢Tg, omMU-b 2obLb3s39dwoO
0bmxm®mIgool  8gdzgmdom  Homdmddbowo  sm  Jgbosdgrms  dmgdggdqL
3obLbge390Mws@.  JgLodsdolo, smb-U  0630d0FHMMGOOL  godmygbgdsl,  0dolLs

dobg3z0m LYgdBHomemos mv) sMLYWgdBHoMMo dglsderms  goblibgzegzgdmwo Jggyo
3Jmbql.

50 dmbofogmdl dogrols 3mdgmlGobol MHgams30sdo.  OHMYMOE 3bMdOEos
59bmBobo  HoMmBmoygbl dowol Bod@mEML. dobo MxMIYIM) ©Mby 0BMHPYdS
13MBEHbMOHO S 0IMEGdOMO V30d0OL EOML. dMbs(399900L MBS, 5EIbMBObO
9mgddggdl o1 M93Ea3GMOBY, 535390L d3BoEMGO obs 33060l w30dogols bgendgdfymd
690MM™MbgdL S 590030090l JoErol OISl (Thakkar et al. 2003;Arrigoni et al. 2006). 12
ooy bobaMdewogo dogrol  ©g36M035305 03938  oBoMo sl M9;393GHMEMGOOL
509bMOOL  oBOIL d5BoE® [obs GH30bLs s Jgdddo. 9G350 Fmboizgdol
0565bds, BdsBow®mo ffobs #3060l 5gbmbBobol ImJdggds o1 M9;393GHMMIODY
5530gdL  IES  5JBHO3MBL.  5©IbmBobo  3MbBHLOBIRLWOO  gbom 535370
Jmobgyme 6306M™Mbgdl Ik ©9bol 5dGHoz30M900L qBom s sMogmeEobgymer
Bgocmbgdl 35 @gbol dgdgocmgdom (Arrigoni et al. 2006). UBogsMommm, dorols
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50a9bomo  39MH0MmEOol  EOML  5EIbMBobo  bgel  MHYmdL  gBs  99dGH03MmdL
Jmobgymwo GHmbol 063000609d0l gbom s 593060908 JmobgGymen Jgliogurgdl
Joedus s MosdMibdo. ™obsdg®mm3zg dmbso3gdgdol ™obsbdo, om  FoMmdmowyqbl
3009mbGobmmo  30b35000L  Fgdsygbger bosfoels (Kalinchuk et al. 2006). dogools
©9360035300L5L MO39 FgBHIOMWOBHJOoL Mbg dsBowrmE [obs  3H306d0.
33963530 Q0M0 gufogegdoll mMsbsbds, sm 8g@s0ME0Egdol ™ol AsHMH©bY
35bbolidyqdge0s 0-50b. oo 5dGH03mds Hob MIw30L 5gbmBobol Mmbol BOHIL s
0-5mb 0630006985 5539Mbgdl dowol Y3MH0353000 godm39M 5@gbmbobol mbol
23o0Msl (Kalinchuk et al. 2006). 53 0mbs3gdgdol mobsbds, sBMmEHOL mdbowol
939G 900l MboL FOBOS 153W30M39Ws® bds dsBowme fobs GH306d0 o
3990099 BOMBEHIWE JgJdo, MILoE 09308 FbMOZ Im3Yz90s SEIBMBOLOL YYXMHgOAMY
©MboL goBO. XIJO 300093 399MEbsE MBgds M MHMYME 0f393L s 59bmBoboL
399ygma3ls. 9mHm0-9hHmo Jgbsdenm  dgdobobdo Fgodegds ogml 5E9gbmBob 30b65Bob
0630006905 96 5@B-0L 30OHMEWODBOL 25DMP. 330939008 MIbIHAs©, dSBIEMMO Hobs
33060l Jmeobghamwo Bgodmbgdo goblozmmMgdom dOAbMO0sGM]s b-5mb-ls dodsGro
@5 0bobo Mbs HoMmBMoAgbgl 3039w LETOBOYL dorol Y3H0353000 odMf3gme
B-5mU 5930353009 s 35Lvbolidygdgebo Mbws 093696 5EIbMBObOL AodMYMmasBY.
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3900MEOMEMYOS

530 1. 3580ggbgdmemo dslisgms

1.1 bsggb3960696¢3 3bmzgemngbo

Bsde™ddo 459mygbgdmeos grsbowo 303w sHs2 (sm-3;327) bm3sGHoM9dMo
0533900 (Ruhr-Universitit Bochum, Germany ; Mergia et al., 2006). C57BL/6] 0533900l
deleter Ella-Cre 059390%9 09x35609d0L 9909250 505352 bwgdgmomgmeol gabmbo 4
50m0gdemo odbs (a2+ / flox). 0dolomzgol, MHmA (ogdswse Cre recombinase 9gbo,
393960mDoymEH0 sm-332" 3bMm3gl 3303 9X35090bI6 L3MBbEHOME™ 3bM39w M6
@5 LodmmmE  3mdmbBogym@  bm3om@GHmb. Moo  amsbowow 303w sbs
9mbsfogmdsl 0gdl dMogser 860d369em356 Fobomemmyom® 3MmEgldo, ™mGMm039
0BMxRMOHI0m bM3omEBH0MIOME0 3933980 000390Mm©bY6 ©ods©YdM©IL 20 Iy,
0558 gm0  0BMBMOTom  6MmIsMBHOMGOMWO  Moa39d0 96 2oblibgs30gd056
Lo3MbEGHOMEM 3bM39egd0LYsb.

1.2 393960896¢980 35829969829¢m0 Jo8owyto 603009698980

{sdsemo 363963530 398mygbgds 150637905300 O™
8-bromo - cAMP
(Sigma,Taufkirchen, 810’ igfn 1(;?0 )X 090d0S > 10 oo
Germany) eI
8-Bromo - cGMP
(Sigma,Taufkirchen, 81)’ igm@b 1(;?0 X 90J0S > 10 §yoo
Germany) e
ODQ 10 803/dmgrmco MR OI0HMY > 10 oo
SQ 22,536
(Sigma,Taufkirchen,G | 200 dog3/dmgrmeo MR OI0YMY > 90 oo
ermany)
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0530 2. 3580mygbgdmemo 3g0mEgdo

2.1. in vitro 9¢v99¢)%%0bocaermgos
2.1.1 5650 gd0l ImIBogds

36507 q00L 459mygbg0s3 393b0gMgdL LoTsEgds dobgs Tggbfagarsm bobosglivyGo
390053399900 @5 YOOl gwgdBHOHMwo m30L909d0 (Yamamoto and Mcllwain, 1966).
9900mEOoL  9306M53BHgbMds 03580 IEYMTMJMBL, MM SbsMoedo bgommbgdo MBgds
X960 9wo o 53oLMbs3g 903390 39300609003 by begdgwo. sbsmegdol
9bsdDOIOIWSE  30MI533900L  9BgbgHBos bEIdMs 0BMBEMEGbOl d9dzgmdoo.
05306 Joeosb  98mEgdol J909y 30060  35s03HBIdMS  Yyobmerosh  blbsedo
(39950306@mds (Ban):KCl, 2.5; NaH,PO,, 1.25; MgSO,, 10; PIPES, 20; Glucose,
10; Saccharose, 200; CaCl,, 0.5; pH 7.35 with NaOH), &mdwol gsbadsoom
399000069053 bgdms Hobslfo®r 15 {momol gobdsgermdsdo. 250-3008033-0 Lobgol
365000l IMLsdBOYdEOE  Podmoygbgdms 3006MmsGHMdo. 9oL F9dgy Jumzowo
390533§Mbs  Boob3zmdsgom  3599Msd0, MMIgEo3 bgwmzbm®d  (396H90OML30bsEME
bLBs®L Jgogegs (NaCl, 125; KCI, 2.5; NaH,PO,, 1.25; MgSO,, 2; NaHCO;, 24;
Glucose, 10; CaCl,, 2. pH 7.35 693906©09dm@©s blbs®ol 3s6dmygboo (95%
Bobdommexsbgo s 5% 96a050)y980Md0m. blbstho ™mdgdm©s 30-32°C-dy.
36500900l ImIBogdol 99dgy oLobo 0bsbgdm@s MMobol  (3gd3geoESDY.

9963960089630 0fjygdms 063905300056 40 ool 998gy.

2.1.2 patch-clamp &946035

patch-clamp 39om©ob 50dmBgbs 3538060 9ds 15305605 s Bgx3geols Labgwnl,
Omdgwmsg 1991 (gl 8ogbo oo bmdgwols 369d0s. 98 gmmEob b8 s gdom bgds
99dGHO™bMmo  39306Mbol m30L9d900L  Fgbfages. 39B-3¢5d30L  535M0G0  Fgo(393L

999 GHO™bM 803MMIZM3L, GMIJEoE IMmogldME0s BogdlodsMo@ 1GOOI
952005b9. dols 993596 mdsdo 9ol s19g39 9GO0 dMliol Fodmad]dbgwro,
3995dw09M9090, MbEOWML3M30 s 3MI30MEIM0. dgomEo ghmo dbMHog odwrgzs
33903050l g3odloMgdol  LYFMOEIGdIl @ 99BN 3mEgbgoseol

9560353008 3Bom ©Ybgdol sMmOEbgol Jglodegdmdsl. Igmeg dbMog, Jgloderms
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50  99nmEom  dm3zobobmm 4963390 Mom©obmdol  ©gbol  godbogos o
3obLbge390o  ®omgbmdol  ©gbol  T9gy3560L  Fgdmbggzsdo  3m@GHgbioswol

(330930l SMMOEbIs.

Feedback resistor
AN\

Electrode

Patch
pipette

Operating

E;th amplifier

Pipette
solution

Cytosol

dm39dmw  9du3gcm0dg6@gddo  bgdm®s  IJmwosbo  MXGIEOL  smGoEblol
d900mEol  459mygbgds. o3 3olbdmdl bgommbbg 300y Mom©gbmdol [bgzol
d0y9bgdom MxM9gol 39d0MHBoL goblbsl @s 3933660l Ao6Mdgdm sOLYdMEo sMbYdOL
5930330l S©OOEL3LL.

2.1.3 94b396m0dgbG oL 3MrM(39YGS
Bofg0ol  ©59y9gds0g bgdms dobols 3530¢o6gdol dmIBoEgds s dobo
fobobffoo  ©sF0dzs  3mgeol  dgdzgmdom.  3odowrs®ol  (GC150TF-10;  Clark
Electromedical Instruments, Pangbourne, UK) §obsomds 9dmEgdmmo 9dudgeodgb@ol
d90mbggzsdo  dgeygmds  2.5-3  09aomdol  BoMegddo. 3930030 ozl gds
50M093b3gwo  39OEbEOL  JwIHOMEO,  CMIICOE  EIFIOYWS  3IOEdEOl
Jm®ool ggbom. 030 ™30l B3 5353900 ME0s J9F>AE0gMYOgmsb (HEKA
Elektronik, Lambrecht, Germany). 353060l {39600L d93L9ds bgds gegdEOMEoEmmo
blbooo. 3065096 53 BUBSOL Mx@gol Asblbbol 89dgy wdmom 3538060 o3l
X900 2oMdmbomsb, L Mbs 3dmbogl MxMgdos 00mbgdol Fglsdsdolo
09050099bmds (NaCl, 10; K-Gluconate, 88; Ks-Citrat, 20; HEPES, 10; BAPTA, 3;
30



Phosphocreatin, 15; MgCl,, 1; CaCl,, 0.5; Mg-ATP, 3; Na-GTP, 0.5; pH 7.25 with KOH;
b8eaeree28s 290-300 mOsmol/kg).

3650 353bGds F03MMUBZM3Mb 35380093 SIMOEblg 35896530,
Mmd9dos 3063IMN0OHIOL X OISO bgermzbmMo 39MgdMHML30bsgrmemo bbsto s
900MHEYds 35M0OMYJb0m b 5968050000, 0dolEITObg300 MY S JgdsPIBLMdOL
MXOMJOAM9  bLbsOL  30ygbgdom. 8539  39996Mm0d0s  FMMogLYOMIOo  LH3MBEGHOMEM

909JHOM©o. ©Eyb-ol 0IbEGH0RO0E0MYdS bgdm©s dozMmlizm3ol dgdzgmdoo.
Bob5HgM0oL 3bEGMeo bgdmes Pulsesoftware(HEKA Elektronik)-ols 99d39mdoom.

2.1.4 3m@9bzoswol godlo®mgdol dgomo

30650056 336 5®bgdo 3mEGHIb305w ©sIM30YOIMWO sObYd0S, IboL seMOibas
b©9g0M©s 303HbE0swol odlo®mgdols dgommEom. 53 IgmmEol ML SMO0IEb3gwo
blbs®o dgogogws: NaCl, 120; KCI, 2.5; NaH:POs, 1.25; HEPES, 30; MgSOs, 2; CaCl, 2;
dextrose, 10; pH 7.25. bbbs®l 505bm0bs3g 35953900 BaCl-ob 0,5 dmeey® blibo®l.
05(0wdol  ombgdo  0fj3g3L  MYXOIOL QMg  FoFsMVIEY  35¢0Mdol  ©YhgdOLs
0 m3060905L. PH 7.35 BE9d0woHBIdMmEs bLBIMOL 556908500000 45dEOMHYdIOm.

35 ©gbol 5M0di3bzgwo 3OMEMIMEo FJoEo3l  353039MH3MsMH0BYdgwr 10
Log3gbMOL. 3mEH9bE0swol BoJloMgds bgdms -40 83-Bg, G™MIgwos 53 ©9bob
390601969050 3MmGHIBE0L FoMTmoygbl (3M593030.1.5). gmzggwo Loxggbm@ol Ml
053039603 s60Bgdgmo  ©gbo  ofjgg3s  9dMbMEo  3mBGHgbioserols 10 93-om
6935300  3m@GH9bEoswol  dodsMmmEgdom  F9E3wsl.  3530396M3MmEsm0bgdgo
379bol  bobyMdewogmds  930MmEgdmEs  Loggb®mgdol  Fgbodsdols,  Boms
39656Bb9dm@ogm bBsdowmMo Bsbsfigmo ( -4003-Bg 1500 df s -13093-Bg 3,5 9f).
960l sbserobo  bgdms mgow  ©gbom, MHMIgEoE Mo30LIRs0s  MbgdOY
©960LoYS6. Mmgo gbol LodMsem 53OS bMmMT>0DYdIL 39bEbom T9dwgyo
RMEOHIMEOL godmygbgdood:

P(V):(I - min)/(lmax' I min),

15053, Imax ©9BOL 533oEMss -130 83 3m@H9bE05 B s Inin ©YHOL 5330 F s -
40 93-B9. 5 LEdME MM, IBOL 5JE035:309 PoLTMEPO 0465 dBEEsbOL FMOIMdo:
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p(V)=1/(1+exp((V-Vh)/K)),

Vi @©gbols 543039300l  3m@GH9b30owols  3sb39b90gemos.  ©gbol  Lobdo®ols
39bLOLODBPZM350,  ©gbol  ST3OGH MOl JogmxBs  bgds  MxMgEoL  9ddMBOL
393900Md5%DY.

@960l 59BH035300L6 MMOL 3MmbLEHBEHOL gobLolEDBWZM35 Fodm0Ygbgdms 2
9563969005606 Mmegds:

Ih (T) =A (-+T1) + A (-+/12)

2.1.5 ©gbol godboMgdols dgomeo

960l godloGmgdol dgomEom bEgds MxMgMEo d9dMHBoL sdBHoweMmo ©s
35L0vEM0 JobsL0sMYOGOOL goblsBzEs. 59 9gomOl Asdmygbgdol Mml 30949bgdom
b9 m3696 (396093GML30bsw O Lombgll Yym3z9wa35M0 0630d0GHMEMYOOL gocgdy.

©gbol  3odboMmgdol Igmmo TJoEszs  Fs3039M3MWIM0BYdg  (-250 3o,
030L5M30L MM 450MA397305 35 IO 9dBH035(309) S FoEY3MsMODYdge (300 3o,
030b5M30L MM 58MA397305 IMmJdggdol 3mEH9biEoseo) 10008(-ob bsbymdwogmdols
@960l LoggbmMgdl, 40 35 0bFGHM3swom.  993d¥Gbmmo  3m@Egbgoswro
3960LsBE3MIdMS Fggzs600 bl 26 gdom. Tglogerol [oboswmdols mbstol
3o0mm3ms bgdms -3035 ©gbol Jgg3s60Lsl, Mol 356mbol godmygbgdoo: Rin=V/I,
Los3 Rin dgLogamol Hobowmdss, I 8gyzsboo ©gbo s V 98 ©gboom godmfzgmero
990065bmwo  3m@H9bgoswol  (33eowgds. dmgdggdol  d3m@GHgbaoswol  BEMGdOL
3obLsBO3Ms  bgdm®s  30639w0  Imddggdol 3@ bEoswol  gs8mBgbolimsbsgy.
33963050l BsBbgdzs (voltage sag) obmdgdms dogduodowrmemo bgyo@o®o ©gbol
d9ygobom  2o9m3gmeo  39dd0Mbmo  3mEgbgosol (3300w gdom. YR OHIEOL
A93500Md0L 35BLOLEBEOZMOZ5 259M0YgbgdMs 9090 BMOTIMs: Cs = T/ Rin, oSS

Cs 9x6gool 9egdGOMmo $9350mdss, T 898066wmwo 3m@gbgoswol 33eowgdols
@OMOL 306LEBES s Rin Gglsgemol Hoboswmds.
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2.1.6 ®553MLoL 39e0b 3mGHYbE30SEOL sSOMOEb30L Igmmeo in vitro

090l dgLobogasm, Mv) M5 2o3wgbsls sbEabL 332 385MOLMBdS Mo sTMLOL
LoboggLO  BMbdzosdy in  wvitro, 50m30Ygbgm  MYYMWIOMEO  STGJNJJOOO
39681bG3900L BsHgMol Bgomo. sdobomzol 400 d03d-ol Lobdol 3mMmobMbEswmMo
bsmgdo, MHmdgwoz 990303 MO @O 396GHMNH  dsBormE  doOmM3L  (30),
9D50©90Mms 4-10 330600L LogmbGHMMWMm s sm-332" 3bM39WqdoLogsb.  BIbHgMO
9000bsMgMd®s  bgemgbmed  390906MHML30bsme  Lombgdo  30-32  gMoMLBY.
0GIN0 5BJNJJO0M0 5dBH03Mds godmofizgmes internal capsule-ol LsdosEgdom GO-
ol LAHOIMWOE00? S 35LYbgdOL SVOOELZS BYdIMPS MEsTMLOL 30 dOMMZ300Sb.
Logboerol 45de0gMHgds Bgdms MSE 535de00Mgdom s Bsbsfgmol 3mbE®mmenls
39bgboom WinLTP, v1.01 software-olb 99d39mdoo. 899@ga0 356539EHMgd0 0gbs
365¢00BolsmM30L 499MYqbadEo: M0EIMWo 5539mMIg)09d0L MoMmEIbmds, 598390798900l
©50Yygools s  gomhobscgdol ™, dmddggdol 3m@gbE0swgdoL  MoM©Ybmds
583909909030 s 9x8gmMJq09d0L Lobdocg. dbmErm© ol ol sx8gMYdoMo 256dmbEH3900,
OMIgmd 0b6GHM98INJJ00m0 06EHIMZ5w0 96 50gdsBHgdms 5003(-, 003w gdM®
OMAMOG JYIOMME0 ob3MbEHZ39d0. Yn39wo 5839049000 4963MbEZs T9(3930s byew
93069 3 9500lobdomM3zsb B3s03L. 98 Y39  356M539E®OL  sbowobo bgdms

U308ME5300@IH 2-3 (odol J909y.

2.1.7 99936900l Bsbgezol bdgmgm@odumeo d9omEo ©s in vivo
99JGHOMBoDOMWMY0s

5m/332/330%/336  Loboabocwm  LoliEgdol  Gmerol  Fglslfogarsm  Lbgowolibgs
93930000 3yMIs6gM0d5d0, 450m30Ygbgo in vivo gergdGHOH™MBobBomEomyos. sdolsmzol 3-
5 o308 6Omymeg  LS3MBbGHOMEm,  Slg3)  sm-352"  3bm3gwgddo  badms
909JGH™M900L Bobg®ago. 3b™39eob 3bgLongBos bgdm©s 5009%/3%
396GHM™I5Md0GIols @y  Carprofen (Rimadyl;dp/3y) 0b6@®s396H0@mbomwo  abom
d9y39b60m. 390GEbOL gargdBHOM™mIdo 0b69MYPM©s IMEHMON, LmdsEHMbgblmGwye
JoOdbs s MoEsdMLoL 395GHOMBIBEME doMmzdo, bmem doffs s Ld3MbEHMMEM
99JHOME00  93LEIOMPS  bombgdol  FoberMds®. 9 9dBHOHM9bEIBIMAMSAOL
(993) 50M03bgs 0§YgdmEs M3ges300s6 7-10 ol 993wgy. BsHgMol OH™L 3bmggwo
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53b9dms Plexiglas 35996580 (30x20x20132), Losi 9sb Jggderm  530LvYBWS©
39Q099POG0S. 3RO MIM030 390l 3m3Yb30seols (LTP) Loabserol gsdeoghgds
bgdm©s DPA-2F (Science products) 4595d¢0096M90eol 39939300 s 398tm0g9gbgdms
000 (133) s dopowo (10033) LobJo®OL GowEHEMsE0s. (BM3gEol 3930000
5dBH03mdol BsfgMs bgdms dmdMomdol ©gdgdd™meol (PIR, RK2000DPC LuNAR PR
Ceiling Mount, Rokonet RISCO Group S.A., Drogenbos, Belgium) d9d39mdom, Hm39wo3
530YdMEs  SIMOEb3go  3599M0L  93BHg.  SBseobolomzol  godmoygbgdmes
Bosmgro 3gMomol 3063900 mMo Lssoo. Spike2 (version7.08, Cambridge Electronic
Design, UK) software-olb @obdo@gdom bogdmos mmbo  Jigzomo  dymdsdgdols:
54BH0MM0 30300, BgMgwy, MBS s 35MoEMdLvyo dogrol 10 {osdosbo 20 g3mdol
13999 OO 3b5e0Bo.

2.1.8 09996m30LEGHmdodomcmo 9909d30l dg0m©O

C57BLJ6 0239008  3960Ox3mBos  bgdms  4%-0sbo  phosphate-buffered
paraformaldehyde (PFA) blbos®oom. Joawssb s9mmqdol 9909y 09306 (3060 g3odlsgool
d0Bbom go0EbgdMm©s 4% PFA-U 9993339 bLbsGdo s  24bm-ob 9909y 3o
b3emboly 999339 30% phosphate-buffered saline (PBS)-8o. 48-72Lo-ob 89999
39b9bom 40803.9 LobJob sbsgdol FMIBIYDIL. SBsIWgdO M3BEYdM©s 10(om-
ol 56353 mdsdo 3XPBS, 3% 9d993339¢c» Triton-X-PBS o 99damd 33ws3  3XPBS-ob
bLbs®do. LodmMMmE 5bsMEgdL Bo0b3ds30Mm@ 48Lm-0l Q96ds3eMdsdo 30bsbsgom
30039Wws0 36G0Lbgol Anti-Guanylyl Cyclase alpha 2 antibody (1:1500) (Abcam,
ab42108, anti-mouse) 9d99339 bLbsMT0.306039Ws0  bGHOLbYMEOl  458mygbgdols
3900099 96500900 45093H9bs bgdmEs FgmMo sBEGHOLbgMol d93339¢ Lombgdo
(Alexa Fluor 568 goat anti-rabbit-IgG (1:1500) o 9909y  mounting medium
(VECTASHIELD with DAPI, Vector Laboratories Inc., Burlingame, CA 64019).

0996m399030L FgLobfoges godmoyggbgdms 30bxmswmemo dozMmmbzma3o.

2.1.9 LAHGHOLEGHO0ZMMO TT5390s

900900 39099900 Pomdmepgboos OMPMO3 LodoEM
960036900md5+L5dMoem  BEHbIOGHMwo  dgzomds  (Mean+SEM). 35 gbol
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9sboliosmgdEgdol G9sMgdolsls godmoygbgdmes Student’s t-tests. 3-5093 @S (3-39%3-0L
3930960l 53853905 bgdms Multivariate Analysis of Variance ANOVA-bL
b3sM900m. 139dBHOOMMO  SBsobolomzol 30ygbgdoo one-way ANOVA o
Repeated Measures ANOVA (IBM SPSS22 Statistics software).
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8o@gdsmo 8gEgando

0530 1. 3-39¢3 05 (3-308-0l MOl 5YIDs MSEsBMMO 336 sOBYdOL
929530580

1.1 s0/362/3-80% Ubsbogbserm gbol Geagmo omsersdoymo 3pb smbgdol deddgcogdol
989330500

0dobomzgol ®md  Jga39Lhogws  (3-39x8-0L  OHMEO  MIELdMGo 336  sObgdoL
53bd30990, 35 ©gbols seMoEbzs dm3z5bEobgm WYd-0l M3 BgoMmbgdol Lbgmewosb.
MmamO3  3bmdowos 3bL-0o 932 9©GdMHYIMOL  3MLELObRLME 8gddMbsTo. ™3
X 0909000 3(32-0b 503 d5MgMdOL ©OLOYPIBS© 3°dm3099b69m
00996m30bEmJodomemo 3909930 d9o™Mo. 3bGLObsgLYOHO 99806560l
0©96@0580306M70s dm35bE0bgm 3MBEBHLOBITLMMO 898dGHoL LodFoEM™Z0L FowOl
(PSD95)  s6@0olbgmols  998myggbgdom  (aMoxgozo.  1,0).  @a32-ob  fobsswdwgy
399Mm0yqgbgdmes Anti-Guanylyl Cyclase alpha 2 antibody (aMsg030. 1, d). domqdeo
390093990L 3565bTo, 332 YOIMYIMOL 3LEHLOBIRBWMSE M3 VX MJIOTO (36953030.

L, 9).
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3058030. 1. 005¢53m3MO G035 MxMggdd0332-I  3UGL0bsgLMo dEdsMYMds M39305.
5) PSD95 3mbi¢Loboglivry@o 39936560l 563960 (fomgeo g39Mo); 3) 332 0Dmzm®mds 30gds6Mgmdl
03 MIXOJ00L Lbgmeol 399d6ebsdo (3)3569 1960); @) 332 ©93930M9d0Mwos PSDI5-msb
3mbALObIRLME 398dM6580 (bsGI0b)0LBIGMO).

OmamO3 Bgdmo 50obodbs, 336 s®bgdo 3mEHgbE0sw-sdMm30gdME  SHbIOL
0oM0m596L s B0 9gBH035305 BYds VX MgEol F93dMHBOL 3039M3MIMOBIE0OL
d9L50580b5. Ym39w039 5ol om35¢olHobgdom, 35 IboL BsLIHYMI FoBM0Ygbgdms
30396305¢0l 53ogloMgdol FgoMEO. OMYMOE 3OMEMIMEOo 230639690l (aMex030. 2,
5), 503MHo(3b39Wo J9dGHOMPOL L3S gdom JofmEIdo Js3039M3MWsMOBYdgwO

960 0§39305 8980660 3mEHIbE0swol -40-00sb -13003-009 (33¢00gdL, MOLYE
93Yy390m©s Mx Mgl doaboom dodsdmmeo (35) gbol s0dmEbgds (AMexg030. 2,0).
5060360 9o bolinsmgds 3H030IMm0 S ML 593035300l IOHMEOm.

-40 mV | ;
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Lo3MbBHOMEM MM ggddo 3-39%3-0L MXOgEdos T9gY3sbsl dm3yzgds 8gddMIBOL
©93MM0B(305, 8tmddgqdol 3mEHIB305w0ol BEMOdWOL 9993060905 s GHMbMMOo
135039008 M5MYbMOOL  BMToBgds.  p32-ob  3F9MOLMds 6  0fj3g3L  BgFOGI6OL

999G 3$93500Md0LS S obosmmdol (330 0wgdsL.
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5/9232/3-39%/336 5GbBBdOL Lsliogbsgrem aBol HMEo Mss3MIMOE035¢wGmo LolEgdols
M93MIE5(30530.

03 9IXO9IJO0L obobosmMGIWOOL (33XP0EGS 2539l sbgbl MosdMliols
3900l 3m@9bgosDdy. B3z9bl BogM FogdMEo  F9Yagool  ™sbobds, in wvitro
693H03MOHO0 d0MmM30L BEHOTWS30s 0fj393L sMm-83327 39006 ™3 MR OIIODY
3993060900 MHoMmEIbmdol  MgdsMb 5539 J0gdol  Fomdmdabol, Lo3mbEHmMmE™
3539093096 99s600m.  MODO0YON35300609dMwo STy Hbgdgwo  »3 s
0630303 MO ©93039wM0 bgo®Ombgdo 509 gdgb 0owsdmlido momol@ses (7-
14333) MbEOEOE0Y0L. 39dgMRMO MHYBH03MM0 BIoMMbgdol sd@E0gzs30sl dm3gznds
03 MXM9Jgdbg 7-1433 LobdoMob 0630d0EHMOMWO 3MbEHLObIGLYOO 3mEHIbE0SEOL
Do3mgdbs, Mo 0393l domseliobdommgzsbo (200-40033) G9dsw9b B35039d0L 5dmbgbals
03 X OJgdbY (Steriade, 1988). m3 b6goMHmbgdo godwogMgd e 5350aBbYdg Logabowls
3053608 M9BH03MwME 6yoMmbgdl ©s ym3z9wo3g gu sLYBSAL 53l GOGHINYWOo
593H03md0L Bs3MIE009gdSL. MXMGOOL Fobolinsmgdegdl 3 F9dmbgglzsdo 2osdfy39do
Mo 930690, 3dog0 BodMomdol ©gbgdo dmbsfiogmdl 3mbGob3ododm®mvwo
6905796  ©93MM0Bs3ooL FoMdmddbsdo (Jahnsen & Llinas, 1984). 5bgLdg@03900L
X900 9993565, Moo sbImdL 58 ©gbgdL, 0fj393L MOHBMIMEEH 035 MO
6906mbgd0lL 303963 sM0BE0L s MOGTNWO 58390010900 POMOLEIMSL LobdoGmol
0535Bmbdo MPobotrqds (Steriade & Mulle, 1985). 396l dog® domgdeo 999900l

0565b3ov, bm3omEGH0Mm9dME 3bm3awgdl Mbs s0gbodbgdmgm dm3gdmwo ©gbol
aMbdool @eM®393900.  Fgdpamdo  396@OoEoGo,  OMIJWoE  OMOLEHIMS
MbEOEBE0g00L Mg s30sdo  Mbs  Bmboforgmdgl 9ol 3m@Ggbgosw
©59M300090wo ©9bgdo (Budde et al. 1992; Mccormick & Wang 1991), dglodgoms 3o
©9bo. s/8327 3bM3gwgdL  50gbodbgdom  MgdsMb 9839093900l F9d30MOIEO
50bMds OHMAMO3 MXOIOME, S1939 LObIBLYO EMBYBY. Mo3 005l 60dBsgl, G:MJ
3993060900 5350ybbgdgwo 3slvybo M@0l mo bgoMmbgdol JodsMmmEgdom

605 sbLEIOIB HOETM 5JGH0ZMOS.
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35 ©gbols Hmo mligows3ogdol MgyMEs30sdo

Mo@IMwo  mbEgowszogdo  GH30bolb  bbgosbbgs  bsfoewdo  Bgo®mbmewo
393906900L  dobolinsmgdgeos. Mb30MH3E0900 630MMbgdOL LobJOMbMo  sE0gzMmdOL
Lodobmbm@  Ho08mogdbgds s bgodmbmer  §Mggddo  0bxzmMTszool  gowsiEgdol
33000909 30Ol [omBMoygbl. Ebmdowros, Mmd 336 sMbgdo dmbsfogmdl

©96M0EM 063 9aM530580, 3OM3gldo, MMIgEog 3sIbolidyqdgEos YR M9IOTO
Logboerol 393639 gdsDY. 99990 A9TMIObsGY, 53 5MBYOOL BMBI300L WIMWZg3L

dgLsderms Im3gzgl MmbEows309030 (33K0gdgd0. B39bL dogM dowgdmwo d9wgaqo0L
05b60bdo,  0m/32/3-39%/336  Lobiogbocnm  LolEgds  25sdFY39®d MMl 13sTMdL
05W53M3MOE035MM0 MbEoWs30gd0L Bsdmyse0dgdsdo. s©-0b s 35 dool EOML
3m-332" 35™39009dd0 993 LYOs®O Iwoghs ogm dga3eoo. 35306, MHm@aLss 99
dobollosmgdegdo  BBd @  ©bd  @OML  BEIGHOLEGH0ZMO©  LoMfIMbm oM
39b1b3530gOMs. H0-0b OML sM-8327" 3bM39wWgdL 509b0TbgdM©I™ 9gp s J393000
9obobosmgdEgdol EILOBJOMBbOBIE0s. 5dGH0IMHO FMAMSMBOL 35MHWIWIMSQ sM-332"
05339006 999 955396905 2oHBOOE I ES LoAdEszML.

5m-0l dogn-30dool 303do dmbsforgmdol dglfoges 9339 smgme (garl
003wol, d53Gsd oo BMLEGO Mol ©sEYJbs 53 3MmI3WgdumE  Jzgzsd0 396
dmbgMbs. gl 9godegds s0blbsl dmeg3meol MBgzgmEm m3z0Lgdom. sm-b 99dwos
0530LMBESQ  250933900ML  doMmErmyomMo  9gddMmsbs s  2o3gbs  dmebobmls
6906Mbgdol o  3M3MWs305DYg.  boB3969005, GMT  sm 5530 OMYMOE
50506909, U939 8995353909 LOBIGLYG 250539990l (Ohkuma et al., 1998; Yu and
Eldred, 2005). dowbgsgo 0dolbs, Mmd G30b0L Lbgosolbgs Mgaombdo sm-ol doge
399mf39990 89093900  35bLb3390E0s,  MOEsdMldo  dolo  JOMOMIO OO
50503690900 BMbd30000 FGIMORIMYGS. M5EsdMLdo sm-0b VXMJOAIM) ©mbY
953 M@dL ©030d0oly s 35 dogrol O™ s 360d3bgwm3bs dzotM©gds bywo
dogrol 3563sgarmdsdo (Burlet, 1997).

OMamO3 36Mm000s, 330608 gOHML 50ds35¢0 LobiBgds 2owsdhy39d Gmenl
05353mdL  dor-m30doeol  gogerdo (Moruzzi and Magoun, 1949, Jouvet 1962). 50
LoLEBHYIOL  9BH035309L BM3Yzgds ™3 bgomMbgdol  WYIMEIMOsE0s.  LgPmEmbobo,
5QM965¢00b0, 53930 dMmwobo s s obs3oMmMdJOL ™3 MXMJIddo 336 SMbYdOL
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30396305¢-59Mm30009d9gdol 33wogdsl (McCormic and Pape, 1990). LgGm@Embobo
5 506M9bsewobo 0fj393L6 MX OIS (3-9993-01 E™bOL FMTsEHJOSL, F5d0b OMOILSS,
539GH0dm@obo BEOOL (3-33%3-0L 3MBEIBGHMIE0L. Ym39wo3g gl 30 5530 gdL 35
@960l 59BH0gmdL. 35 ©9Ibol 3MmEHgbEosol I3MWHMHODsE0s BMEOL X MHIOIWO
mbE30E30go0L LobdoMal. N Vivo dmbs3gdgdol mobsbds, sm JMm-m35e0HYdME0s
9BH0ZNWNOO  BMOT>300L  Jmeobgyme  BgoOmbgdmsb s  sbomsb  gemo
3dmbsforgmdl ©30doErols s 35 doerol asdmfiggzsdo (Williams, Steven R. Vincent, and
Peter B. Reiner, 1997). 99i35606wmo  M9393GHmM9d0lL  sb@EHoambolGo Scopolamine
90 396 SHAMBOL 33060l Mgeml LEG0dMwWs300m sdmfizgme m3 byoMmbgdol
593035305, 35806 MHMEgLSE BEGHO0IMESE00L 9BgJEHO F0BIE BIMOWYdS S
5393O0WJm@obol  063000FGHMMOL  MobsOHMmo  25dmygbgdolsl  (Sillito,1983).
g4m39wogg g dommomgdls  sm-ob  360336germzsb  Gmebg 3  BgomOmbgdol
©930MM0BI300L  godmf393530. MOesdMLols s JgMdobszgh 808535¢0 50SZ35¢0
Jobgmymeo o 3ESFsGIOHYMEo 6gomMmbgdo sdBHomeos Mmam®E ©30dool,
51939 35 ool EOMUL. 33060l WIOML 50Bs35¢0 LOLEJIOL FEoEgdsls Im3Y39ds dogn-
©3000¢0L  (30300Ls 5 9MOMDBIXOL  33E0Egds.  3M-3;32 3bM39wgddo  sm-ob
399myma3s  3080bsgmdl  99x39MHbYdEs©, Fo3Msd 32 M9i393GHMEOOL  385MOLMDS
59306M90L X MJT0 dIBIMO (3-30%3-01 Mbgl s (330l 33D sObgdol Aoblbol
3069(3035b. 35 ©gbol  3m@gb30sw-8M300YIMMgdsd0  (33€00egdsl  BmMm3g39ds 03
690mM™Mbgdol  50aBbGOIMBOL (3300w gds s gu  gmzggwozg  0ofh393L  JgGJol
90856079000 068MMT5300L 353900l T9z3gOHGASL, MOLsE Fgboderms dm3yzgl 99y
LobJOHMbobsE0s.

35 dogool  OML  sm-33273bM390w90d0  ©IWES  MbEOWSE0gOMb  ghHmo
9609369cmgbs 035@s 09gBo 9gBH03Md0. MBS Mb30ws309d0 (5-833) 303Mm3593M0
53mE5300L  Fobolosmgdgos. M3390L, MMIgms Hobs GH306d0 Imsbobgls 3361
5Mbgdol Fodws, 50960dbsm mg@s GHowmgddo (33¢owgdgdo (Nolan et al., 2004), 35806,
OMEOILSE VI S FoPILObIOMMZB0  ML30ESE0Jd0  MEZEIO MRS, 5T
3b™39e9gddo 3600369 m3bs 0dsEe Mg@S MGG dMODIDBY LOMBOEOL FJLEOLS
@5 35 dogob dml (Nolan et al., 2004). 59539 ©©MmL, Mergia-ll (Neitz et al., 2011)

X3IBoL doge Bobsbo 0dbs, MM sm-g332" Mea3900L  303m359300 3603369 m3zbo
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9306905 35 ©9bol LodFoMMZY, M3 MIbbIMdsTo dm@ol b39bL FogH Towmgdmen
3909290056.

95658 Mo 994960Bd0 g3l 59 3OHMEILL LOBMIZWSE, 3EDMBdOS. BMAMOE BIBL
33b1 56MHbgdo 56 5MHOL 530009090 303m359399H0 MBS M0EFOOL Fo®dmJdbsby (Nolan
et al., 2004), 58 994560Dd8o dmbsfoerg Igmeg 356osEHO Tglsdwrms ogml bgdEwydo,
MM39wo3 39590Y39¢) MM 0535dMdB MgBS GHOMgooL 396960530500 s 5894smgdL
930MM 353000 303M3503006. FogMsd GH30b60lL 53 GMgyombdo 35 @gbols 893539050
3060700 30335831100 M9Es 59GH030Md0oL LoddEsgzcmol T9dE0Mmgds dm3yzs. 3093 JOO
90Bgbo 990degds 0ymb 30335839600 LobsxglOO A5s398900L BMb300L IMM393s.
3-332" 533900l 303358380 Bsbsbo 0dbs NMDA 693933 ™6M-059m 300900 ©gbols
593o@Moll 999306M9ds, o3 mogzol dbGmog 0f393L  bobyMdwog  3m@Hgbgoswdo
330 gd90L. 30650056, 3361 sObgdo 3608369 ™356 MMl 35359mdL YbMOEGIE
063930530580, TgbodErms Fomo  BbJ300L  IMM3935L  M3Y3qL  Podw0gMdYIEO
3L BLOBOBLLIMO 35LbO O 5356 25dMOf30ML MYGS MBEOWSE0JOOL BMToL QSBO..

@IS ©5 09O 9JBH03MO0L FOBOPOL 35MOGEIMEISE 5M-3327 3bM39w9dL
5©0960dbgdsm 0306090 Mo  SEGS  5dBH03MBS  MOMOLEBHIMIOOL Q96T MbEHZ0L
0535Bmbdo. ghM-gMmo 330930l Mobsbds, ZD7288, ®MmIgwroi off3g3l 35 gbol
d99306M905L, 593060908 YOOl gobdmbEH3zol LobdoMgl s BOHOL As6dMbEH39d0L
bobyMAwogmdsl (Brian and Huguenard, 2001). goom-g0mo 303mmgBol msbsbdo, 3o
©gbo Mbs FmbsfforgmdEgl  0m0LEHIMYOIOL  ITMHZ3MYOOL  3Bmagldo (Bal &
Mccormick, 1996). 3> ©gbol 3wdog odEH03s309L dm3ggzgds Mgdsmbo o Eodol
53390909000 459mfi39ME0 MYXOHII0ES 35300l 006930l EMBOL goBO, o3
530L dbGmog 0fj393L 390308 HIMI0YINWO 50IH0POE (303eOBIL OBMGBMEOTOL
593H035305L @5 (3-90g3-0b IMAsBgdsL (Liithi & Mccormick, 1999). ymggerogg s9sL
9dm3y390s 35 ©9bols 89939mdom bs@Momdol ombgdol MxMgdo dgligerols 4os30egds
@5 35 ©9bol slgmo  AobsbaMd0g9deo  594BH035305  PIbI3MHMOJOL  MOMOLEIMS
Ao ©gd0l 9hgM90L. BmGoMgbserobo s bLgmmEHMbobo BMEOL X MgEToEs (3-59%3-
ol mbagl, 0f393L 35 gbol upregulation (D. A. Mccormick & Bal, 1997) s dglodsdoloc,
00m0BEIMS 3Ol 45mBobsMmgdsl. 396l Joge Fowgdmwo T9gagdol Msbsbds,
3833275339000  9306M9ds  8-1233  LobdoMol  Loddwsgz®mg  J3g30L  Ygz9gws
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9M3sMmgMmdol  @OML, o3 WOMOLEIMS  MBEOESE0gd0L  4obdMbE30lL  Lobdocmqgl
d99L505099s. Im3gdmeE BsdM™ddo 396 FmbgdbEs 58 MBEOEISE0JOOL obolinsmgdEgdol
d9LPogams. Jgladerms 336 sObgdol 3MbJ300l IMM3g350 F9dMOf30Ml MOMOLEHIMYIOL

amOIol (3300 gds.
50-0b OML 993-bg ©IES GHOo©gdol Loddws3MOL BMTEYOS 35PDMEMAOTIO

9MIoMmgMds©  960L doRbgmeo. bmdowros, GMI  JgMdmwo ©IWES  99dBH03MdS
935G MdL Mo 53MLOL, 303MMHEsdMLoLs @S 8995 BH3060L 39adgb@Ewmdol sBosbydol

d9gyo (Gloor et al, 1977). 96sg5¢00 developmental 05350090 SLMEOMGIYC0S
©IWAHS O MBS 99BH03MO0L 2oDPMILMSL. 3oL gM-9M0 om0 353339000
3039694300 99350905 (ADHD) s @imbol Lob®mdo. 45HM©OWo W@
593H03mds 500b0dbgds 515939 999JA0 V53500 JOOOL MM JoBMBMYGHos, ©I3MYLOS,
356306MboLY s e (390096l 59350 JO9d0. F0LJdIo F9EIRJO0 F0MOMGIL 0>BY,
O 00/332/3-39%8/330  Loboabocrm 2%y goodfy39® Ol 05859mdL
05WHdMOMGH035mMM  LBolEJdsdo s 53 qBol BMbJg00L  IMIs  Q9Bs3OMHMBYBL
05530 3MOE035096 OLOHOMTOSL.
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51336900

v B30bL  Foge  BoegdMwo 899900l  ™Mbobds, ™3 6gomMmbgddo 32
9539005 3MBELOBIRLME F933G65T0;

v 332-0b 296930396 50305l dM3Yz9gds MOEsdMMo 336 9OBYdOL  goblibol
3069030l 8gbgamgds, 35 ©gbol  5dBH035300L  3MmEHYB(305¢-sTMI0YOMGOOL
3B30Wgds @S 9JAH035300L  FOMOL  osbs33wgds  3039MH3MWHM0BJIMO
33963050l 0350100 gdom;

v 3-39983-0L VXM Tos ™Mbl bgemgbme 2sBMHIL b sbarsgl 35 gbols
593035300 25500300 9d;

v 35 ©9bol 59H035300L 3MmGHIB305OL EI3MEIMODIEOSL 593l s1g39 SAOWO (3-
50%3-0b M)x 90 99943560l COMUS;

v LS30MOL30MOM  F9ga0  d00H9g3s  9@IbMBOb s  FPbMBOb 303 IBYdOL
0630003300L 89009250. 59 F98mMb3z935d0 35 IBOL 543035300l 3MmEHYBE305w0 0bs(33W9dL
3039630 56MH0HYd0o 30O GOIOm;

v 5/3323-20%3/336 Loboabaogrm gBoli IMP3g3s (33C0L M3 IR MIOIOOL SJGHOME
Q5 350 BobolosmgdwgdL.  sm-332"3bMmzgegddo  360d3bgermabo  d3060©9dS
999365690 3m@GH9b3050 s 353039M3MWsMH0DYOgo ©Ybol Jggz3s6000 godmfzgmero
33963050l BsBbgd30L  9830@M@S. 98539 ©OML 58 05339000  500b0dbYdS
9mgdd99d0L 3mGH9b305¢gd0l MHoMm©gbmdol 99930609d5G;

v 3-3998-08  9YxMgdos  T9gYy3sbsll  Im3g3zgds  LogMbEGHOM™  3bmggwgddo
9mgddggdol  3m@9bzoswol  BMMdEol  Jgdi0Mgds s GHMbMGmo 13503900l
509bMdOL goBOY;

v 5/332/3-30%/336  LoLGYdob  33ogds 393 gbsl  SbEYBL SO MdMHOZ0
3900l 3m@9bgosdg in wvitro. 58 (3bm3ggddo  LEHIEGOLEGZMMS©  LsMFIMbm©
9306905 G1-0L BGHOTMWOE000 50IM(39690E0 MYBIYB 5933900J9d9d0L MoMEIBMD;
v 0m/32/3-2093/336  Loboabogom  aBol  sMe3zg3sl  dm3g3zgds 99y  LYIMSCOL
(330 9dS J3930L Y39ws 3MIsmgmdol OML, Mo 0L 60dbsgl Mdmd 336 sGbgdo
d9Lsdms IMbsfforgmdEgl ool 3mTgMUEsDBoL Mg s30530.

65



Summary of the dissertation

The thalamocortical system plays a key role in regulation of many physiological and
pathophysiological processes, including sleep-wakefulness cycle, sensory processing and
absence epilepsy. The oscillatory activity is a major feature of the thalamocortical system
(Bal, T. & McCormick, 1996). There are two different types of mechanisms mediating the
rhythms generated in this system: the intrinsic mechanisms based on the interplay between
specific intrinsic currents and the extrinsic or network mechanisms, which require the
interaction of excitatory and inhibitory neurons within the neuronal population. The
intrinsic properties of thalamic neurons allow them to function in two different modes,
mainly related two behavioral states: a tonic discharge pattern during both EEG activated
states (wakefulness and REM sleep), accompanied by enhanced and accurate synaptic
transmission of incoming information from the outside world during the adaptive waking
state; and a burst mode associated with depressed transfer function during EEG-
synchronized sleep (Steriade et al., 1997).

The intrinsic properties of TC neurons are mediated mainly by a transient Ca?
current (It) de-inactivated by hyperpolarization and underlying low-threshold-spikes (LTS)
crowned by bursts of action potentials, hyperpolarization-activated inward current (/z) and a
persistent Na* current. These intrinsic properties are important for the generation and
synchronization of thalamic oscillations (Linas and Jahnsen, 1982).

Hyperpolarization-activated cyclic nucleotide-gated channels (HCN) represent the
molecular substrates of /z. HCN2 and HCN4 are the major isoforms in thalamic cells. The
current is characterized by slow activation kinetics and cyclic nucleotides facilitate its
activity by shifting the voltage dependence of activation to more positive potentials. In the
presence of the cyclic nucleotides the opening of the channels is faster and more complete.
cAMP is a well-studied modulator of /» current in the nervous and cardiovascular system
(Tokimasa, Sugiyama, Akasu, & Muteki, 1990). For comparison rather little is known about
the effects of the closely related messenger cGMP. The neuromodulator nitric oxide (NO)
increases intracellular cGMP concentrations via the activation of soluble forms of guanylyl

cyclases (sGC). sGC occurs in two different isoforms: GC1 and GC2. The two isoforms do not
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differ with respect to catalytic activity (Mullershausen et al., 2001). In the central nervous
system (CNS) GC1 is completely cytosolic and presynaptically located. The C-terminal
peptide of the GC2 isoform has a PDZ domain which interacts with PSD-95 and determines
the postsynaptic location of GC2 (Mullershausen et al.,, 2001). Since the dorsal lateral
geniculate nucleus (dLGN) of the thalamus receives abundant sources of nitric oxide
synthesis (nNOS) (Bertini & Bentivoglio, 1997), we hypothesized that thalamic HCN
channels could be also modulated by basal cGMP production. We proposed that in the
thalamus changes in basal levels of cGMP could affect the voltage dependency and opening
kinetics of HCN channels and may thereby change oscillatory activity in the thalamocortical
system. To test this hypothesis, we combined in vitro voltage and current clamp methods,
and in vitro and in vivo network oscillatory activity recordings. NO-GC2” mice (Mergia et
al., 2006) were used as an experimental animals and control experiments were done on
C57BL/6] WT mice.
During the study we addressed the following questions:

1. What is the exact a role of cGMP in regulation of thalamic HCN channels?

2. How do the changes in basal level of cGMP affect the electrical properties of
thalamic neurons?

3.  How do the changes in single cell activity influence oscillatory activity in the

thalamocortical system?

Results:

1. Our results showed that thalamic HCN channels are highly regulated by
cGMP. Deletion of NO-GC2 changed the voltage dependency of /»and shifted the activation
curve to more hyperpolarized potentials. While intracellular administration of cGMP had
opposite effect. Compared to WT mice, NO-GC2”- mice exhibited increased sensitivity with
all tested concentrations of cGMP. In control animals application of ODQ shifted the
activation curve of /»to more negative potentials. Increased sensitivity was also observed in
response to intracellular cAMP administration in NO-GC27 mice. Extracellular
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administration of SQ caused the smaller changes in voltage dependency of [z in NO-GC2"
mice, compared to WT mice.

2. Under current clamp conditions knockout mice showed more hyperpolarized
resting membrane potentials, compared to control animals. Sag amplitude was larger in WT
neurons and occurrence of rebound burst in NO-GC27 mice was almost three times less
(38%), compared to WT, thereby indicating that decreased levels of intracellular cGMP alter
intrinsic properties of TC neurons. Moreover, the number of action potentials (AP) induced
by depolarizing current injection was decreased in NO-GC2’ mice while the intracellular
infusion of cGMP increased the firing rate in WT. Passive membrane properties, such as
membrane input resistance (Rin), membrane time constant (T) and cell capacitance (Cs) were
not significantly different between control and experimental animals.

3.  Invitrolocal field potential recordings revealed significantly decreased regular
burst activity and reduced number of AP within the bursts inNO-GC2”/mice compared to
WT. According to our results, the NO/GC2/cGMP/HCN signaling pathway is crucial for both
the frequency and robustness of network responses in vivo. The EEG of NO-GC2 mice was
strongly changed during active wakefulness (AW) and rapid eye movement (REM) sleep,
while light slow-wave sleep (LSWS) and deep slow-wave sleep (DSWS) were not statistically
different between two mouse lines. During AW experimental animals exhibited EEG and
behavioral desynchronization. During AW and REM sleep the EEG of NO-GC2”" mice was

shifted to more slow oscillations.
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