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ABSTRACT 

5・hydroxytriptam血e(5・HT:sero旬世n)is an important回 nsmitter白瓜 causesvessel cons凶ction,

al也.oughfew studies have examined the effect of 5・HTon venous smoo血 muscles.The也往acellu・
1紅 Ca2+concentration ([Ca2+]i) plays an essential role也 stimulus-responsecoupling in n田n町ous

tissue/cells including vascular smoo也血国clecells. The present s加.dyw出 performed旬 examine

whe血町differencesbetween arteries and veins血血eresponse to 5-HT can be detected und町 con-
おcalmicroscope with respect to [Ca2+]; dyn町山s.In post町iorciliary art町iesof rats, 5-HT induced 

a[C九也.crease.The 5・H'f.・血ducedresponses were caused by bo也 Ca2+influx組 dmobilization. 

Agonist and antago国stexperiments revealed that arterial smooth muscles possess 5・HT1‘tb,2 (G-

protein-coupled旬pe）姐d5・HT3 (ion channel type) receptors, and也at5・HT2血 p紅白ularplays a 

major role in these responses. For vorticose ve血s，白e5・HT－恒ducedresponses w町ealso caused 

bybo也 Ca2+influx and mobilization. However, the cAMP d句endentpa也way(5-HT4_7) w錨 found

to be significant血 vasocontractionwi也 respect句 5-HTin these vessels.’Thus, Ca2+ mobilization 

was induced by 5-HT 2 and 5-HT 4-？血 avessel-dependent m皿ner,wb町・easCa2+ influx universally 

was induced by 5・HT3・Theseresults indicate白at血epos旬：riorciliary arteries and vorticose veins 

恒也esame tissue might di:ffi町 greatly血也eirresponses to s白nulus.

Retinal vein occlusion is也esecond most common 
re也ialvase叫訂 disorderafter diabetic retinopathy 
and is considered to be an i血portantcause of visual 
i血pairment(9, 54). Ischemic disorders of the optic 
n町veconstitu旬 animpor凶 tcause of visual loss (7, 
30). For example, ischemic optic neuropathy, an 
acute disorder of曲eoptic nerve, is now known to 
be a common yet serious vision－伽eateningdise槌 e
也 middle-agedand elderly populations (13, 72). 
S並tilarly,evidence is mounting也atvascular insuf-
ficiency白血e血回orbi旬lportion of也eoptic n町ve
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might play an important role in amorose glaucoma-
旬usoptic neuropathy and papilloedema ( 65, 83 ). 

The main vascular sources of the intraorbital por-
tion of也eoptic nerve consist of也ebranches of也e
pos岡 iorciliary ar闘 yand the central retinal artery 
(29, 36, 50, 79). The choroid blood vessels of血e
eye provide 80-95% of the blood to the ocul町
structures including the outer retina and ciliary pro-
cesses (6）.百iecen・伽 lretinal a首位ysupplies the op-
tic nerve姐 dthe inn紅白血a,while the posterior 
ciliary紅白rypierces the sclera to enter由echoroi-
da1 coat of the eye. The cen回 lretinal artery ends 
without si伊温cantanas句moses(32). The choroidal 
vessels are innervated by s戸 ipathetic皿 dparasym-
pathetic nerves; the parasympathetic innervation of 
the choroid derives企om白eipsilateral pterygopala-
也ieganglion (59). Parasympathetic n町ves也nulation
produces nitric oxide-mediated vasodilation, which 
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appears to be selective for vessels泊 the姐町ior
choroid (67}. Sympathetic nerves from the superior 
cervi叫 g姐 .glionproject to the choroid and, when 
s也nulated,elicit marked vasocons位ictionthrough-
out the choroid (39, 67}. 

The retinal vasculature shares many anatomical 
and physiological features with the c町・ebraland cor・・
onary vasculature, which are exposed to similar in-
t担sic姐 denvironmental血:fluences(17, 53). Re出al
vessel caliber sizes convey different information 
about systemic diseases, with arteriolar narrowing 
being associated wi也 elevatedblood pressure (10, 
40, 81). Notably, several general diseases cause 
blindness in patients following simultaneous com-
b泊剖白血alartery and ve恒 occlusion.C佃 tralre出.al
art町yocclusions result合・omlocalized art出osclerot-
ic changes，担佃ibolicevent, which勿picallypres-
en ts錨 asudden, sev悶， andpainless vis田 lloss (31, 
52). Wi血四gardto morphological studies of these 
disorders, corrosion casts of血em出alvasculature 
of small animals such as rats and mice can be used 
to demonstrate血eeffects of systemic dise槌 eson 
也eretinal vasculature because good models of he-
reditary or spon旬neoussyst館山 diseases町eavail-
able. Several studies on corrosion c回 tvasαtla加re
of血.ere出 ahave been r叩0巾 d(4, 20, 21, 51). It 
is well known也at血eshape and di此 ibutionsof 
smooth muscle cells di:ffi町 betweenartery/arterioles 
姐 dve血／ven叫es.τ'hemo中hologicaldifferences of 
smooth muscle cells can indicate由位di宜erentroles 
師 vivo.However，也eda胞 availableon也ephysio-
logical characteristics of ve血／ven叫esmoo仕lmuscle 
cells is偲岡田ly1面白d.

5-hydroxytriptamine ( 5・HT:serotonin) is a neu-
m位ans凶佐官血atis血volved血 awide variety of 
physiological functions via b 血teractionwi由 m叫・

tiple receptor sub旬pes,ma泊lyin the central and 
peripheral n町voussys胞：ms組 d也 也egastro血恰sti・
nal tract (2, 8, 12, 55). In addi姐on,5・HTis a well-
known potent vasoconstric旬rag阻 tin several arteries 
(77, 78, 80). A role for 5・HT血也econtrol of brain 
pe品isionhas been widely consid町ed(41, 85, 86). 
More spec温call弘 5・HThas been implicated也 C町e-
brov：回C叫町 dysfunctionssuch回 vasospasmand mi-
graine (18, 19). For example, the level of 5・HT也

cerebrospinal 自国dw回 shownto be elevated imme-
diately after subarachnoid hemorrhage and demon-
strated to be involved in fa旬1vasospasmus (60). 
Our present understanding of血erole of 5-HT血

cardiov：回C叫紅白伊l1副 onis based on也eknowledge 
也.at血ereare seven main旬pesof 5-HT receptors 
(5・HT1to 5-HT7) (34, 35, 56). Wi也 theexc叩，tionof 
也.e5・HT3 receptor, which is a ligand-gated ion chan-
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nel, each of也eid阻 t温ed5-HT recep旬刊 represents
a seven・仕組smembranedomain, G-protein-coupled 
m押印，r(25, 34). The 5-HT1 and 5－町 ι7recep句r
family members couple wi血 a伽 1ylylcycl蹴， where-
as binding of 5-HT to the Gq-coupled 5-HT2 recep-
tor activates phospholipase C, resulting in由erelease 
of inositol住iphosphate姐 d姐 elevationof cytosolic 
calcium. Furthermore，也.e5-HT2白血ilyreceptors 
are important for the mediation of a number of 
physiological functions血eludingV国 C叫町阻dnon-
vascular smooth muscle con回 .ction(58). 

The aim of血isstudy w回旬 clariちr血eCa2+ sig-
naling mechanism of 5・HT血 thesmooth muscle 
cells of the po蜘：riorciliary a巾 ry姐 dvorticose vein 
in the rat. Al也oughit is v町yimportant to und町－

S旬nd也epathophysiology underlying disorders such 
as hypertension and cerebrovascular diseases, only a 
few studies of祖国cell叫arCa2+ concen・卸値on([Ca2・+]J 
changes in intact veins ar喝 currentlyavailable. Pre-
viously, we have demons回 tedthat adenosine仕i-
phospha旬（ATP)participates in a V紅 ietyof actions 
in血e紅t町iolesof different tissues (62), and subse-
quently investigated血e[Ca2+l dynamics in individ-
ual cells血血匂ctarteriole specimens using real－姐me
confocal laser scanning microscopy, which has ex-
cellent也前回dspatial resolution ( 42, 44, 46, 61-
63). In partic叫mwe showed也atthe reaction of 
arteriole smooth muscle cells to 5・HTdiffers be-
tween testis and brain art町ioles,which emphasizes 
白epossibility of a characteristic regional cerebral 
blood circulation (42). Compared加血epreviously 
utilized technologies, the pres回 tstudy reports也e
investigation of altcr郁ions恒也.e[Ca2+l of smoo血
muscle cells in the posterior ciliary arteries and vor-
ticose veins in response to 5・HTand selected modi-
fying reagents. 

MATERIALS AND METHODS 

Preparation of the ciliary arteries and vorticose 
veins. Experiments were conducted acco吋也gto也e
guidelines of the e由icscommittee for animal treat-
ment of Iwate Medical U凶versity.Adult male rats 
(Wistar, 8--12 weeks old, body weight 250--400 g) 
W町eeu血anizedby carbon dioxide gas.百ieywere 
也enperfused via the le白 cardiacventricle with 
Ringer’s solution (147 mM  NaCl, 4皿M KCI, and 
2.25 mM  CaC12) at 25°C at a hydrostatic pressure of 
approximately 1 m H20. After wash-out of the blood 
cells from the vessels, the eye balls w町eremoved 
and placed也H叩es-bu:ffi悶 dR血g町’Ssolution (HR). 
The HR solution contained 118 mM  NaCl, 4.7 mM  
KCl, 1.25 mM  CaC12, 1.13 mM  MgC12, 1 mM  
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NaH2P04, 5.5 mM  D-glucose, MEM a血inoacids so-
lution (Gibco, Grand Island, NY, USA), 0.2% bovine 
serum albu皿血（Sigma,St. Louis, MO, USA), and 
10 mM  Hepes; pH 7 .4, a正！justedwith NaOH. The 
posterior ciliary ar防 iesand vorticose veins were 
isolated企om也eeyes and were digested with colla-
genase (100 U/mL; Elastin Products, Owensville, 
MO, USA）血HRsolution for 2 h at 3 7。C.The con-
nective tissues were也.encarefully removed. Ca2+ -
deficient solutions were prepared by replacing CaC12 
with EGTA (1.0 mM; Si伊 ia).

lntr・・acellularCa2+ imaging. To me鎚 町e[Ca2＋］；，出e

arteries and veins were placed on a glass cover slip, 
set in a perfusion chamber, and incubated with 
10 μM Indo・1/AM  (Indo-1/ AM; D吋血do,Ku.mama加，
Jap阻）血也eHR sol凶 onfor 2 h at 37。C.Indo-1 
(excited by叫回.violetlight) is a ratiome位icdye也at
is used in血equantitative determination of [Ca＂＋］；・
The emission m位凶町nof Indo・1剥 b from 475nm 
in Ca2＋－企eemedi田nto 400 nm when the dye solu-
tion is saturated wi也 Ca2＋.τberatio of也e也1tensity

of the emissions shorter than 440 nm to that of 
也oselong町血血 440nmc担 beused旬 estimate
血.e[Ca2+];; a higher ratio泊dicatesa hi錦町［Ca2＋］，・
A出血cts,which include photobleaching and dye leak-
age, can be eliminated by use of由isratiome句．

A real-time confocal microscope (RCM/Ab; a 
modified version of a Nikon model RCM・8000,
Tokyo) was used to measure也e[Ca2+]; changes. 
Cells血athad been loaded wi也 Indo-1were ex-
posed旬阻ultraviolet-be佃 1(351 nm). An argon-ion 
laser equipped wi血血血V側 edmicroscope (TE-300, 
Nikon) was used wherein the fluorescence emission 
was passed through a water-immersion objective 
lens (Nikon C Apo 40x, N.A. 1.15) to a p泊holedi-
aphragm. The acquisition time p町 image企a血ew錨

1/30 s using也issystem. Images w町e血rmediately
S旬redon high-speed hard disks.’The digi阻l面rages
from the laser sc阻 ningmicroscopic imag血gw悶

composed of 512×480 pixels with a density resolu-
tion of 8 bits/pixel. The fluorescence intensity was 
displayed血 pseudocolorwi也 256colors, wi也 red
represen也ghigh [Ca2+]; and purple and blue repre-

senting low [Ca勺i・ We measured [Ca勺i血restricted
areas (spot size of approximately 3 μnr"') by ratio-
me try. 

Stimulation by 5-HT and selected reagents. The 
[Ca2+]; d戸amicsof the arteries and veins were ex・・
佃 1ined血 ap町白sionchamber as rapidly出 possi-
ble after the dye-load血g.A島町 perfusionwi也也e
standard HR for a few m泊utesat room tempera佃re,
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intact arteries and veins were selected and examined 
under the microscope. Specimens were continuously 
perfused with HR containing the following agonists 
and/or an旬goni由： 5・HT(N acalai Tesque, 10凶の；
GdC13 (a nonspecific cation channel blocker; Wako, 
Japan, 100 μM); dil出zem(a L-type Ca2+ channel 

blocker, 40凶の； thapsigargin(a sarco-endoplasmic 
retie叫umCa2+-ATP蹴血hibitor,2 μM); U73122 (a 
phospholipase C inhibitor, 5 μM); SQ22536 (an ade-
nylyl cyclase inhibi旬＇r,100 μf¥の； ke旬nserin(a 5-HT2 
antagonist, 1 μ問； 8・Hydroxy-DPAT(a 5・HT1.ago-
nist, 50凶1),all from Sigma; CP93129 (a 5-HT tb 
agonist, 10凶1);ML 9 (a sel＇民tivemyosin light c凶担

kinase inhibitor, 10ドM);PK.1<14-22> (a cell-permiable 
pro旬泊凶錨eA (PKA）血hibitor,2凶の， allfrom 
τDC阻s(Minn悶 ;polis,MN, USA）， α－me也ylserotonin
maleate (a 5-HT 2 agonist, 100凶の； 2-me血ylsero-
旬国nm叫eate(a 5・HT3ago国民 100μM); and H・89
(a PKA an旬go国st,20”M), all企omEnzo Life Sci-
enc esσarm血gdale,NY, USA). 

Ultras伽 C仰 陀 analysis.We utilized light microsco-
py to examine the vasculatory ultras加lctl』resof the 
z町 iesand veins wi血ina subject e戸ball.The tis-
sue was cut担旬 smallpieces (approximately 5 mm× 

5 mm) and fixed血 0.125%glutaraldehyde and 4% 
paraformaldehyde也phosphate-bufferedsaline σBS; 
100 mM) for appro討mately4 h at room tempera・
加re.τ'hespecimens w町e白enpos値xed也 1%OS-

mium tetro羽.de(Merck, Darmstadt, Germany）也PBS
for 1.5 h at 4°C, dehydrated t凶 ugh姐 e也担olse-
ries, and embedded血 Epon812 (TAAB, Berkshire, 
UK). Semi－血血 sec姐ons（～1凹血ick)were were 
consecutively cut using姐叫回micro旬me(2088 Ul・
凶，tome;LKB, Bromma, Sweden）阻ds佃血edwith 
toluidine blue. The sections were examined by light 
microscopy. 

RESULTS 

S的 lC伽四 ofthe posterior ciliary arte，η and vorti-
cose veins 
Light miぽoscopyrevealed曲atthe specimens pre-
pared for the intracellular calcium imaging main-
tained the旬pical s凶伽ralintegrity of posterior 
ciliary arteries組 dveinsσig. 1 ). The posterior cili-
釘yarteries were surrounded by smooth muscle cells 
in a circul紅白shion,and the ciliary ar伽 iescon-
tained considerably more smooth muscle within 
their walls than did the vorticose veins. 

百1estruc加ral血tegrityof白e紅白riolesW錨 main-
U血ed泊血eprepared specimens. Images of a poste-
rior ciliary artery and a vorticose vein obtained 
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Fig. 1 Light micrographs of a p関 teriorciliary artery and vo同防団咽inaround the悶.toptic nerve h回 d.ON: op百cnerve, 
S: sclera, CAA：四ntralretinal ar旬ry,PCA: p随 .ta巾 rciliary a巾 ry,W: vortiα>SB vein, SM: smooth mu田 l田．

国也greal-ti血 econfocal laser scan血ngmicroscopy 
are shown血均.2. The arteries we居間rroun白d
by sp泊dle-shapedsmoo由 musclecells泊 acirc叫紅

f踊hionσig. 2a). In scanning electron miロoscopy
studies, we have previously shσm血at也etestiCl.山z
and c町ebralar伽 iolesc油ibited血csame external 
app伺 ranee魁也atdes町ibedabove (62). However, 
h血iss佃dywe no也dconsiderable difi町田cesbe-

tween也ear附 ial姐 dvenous struc旬res;wh釘ein血e
VO凶coseveins w町宮 surroundedby smoo・血 m国 cle
cells in the shape of cobbles岡田 σig.2b). 

5・HJ-induced[Ca1+}, increase in posterior ciliary 
artenes 
Arterial specimens were p紅白sedwi血 normalHR 
伽 5m血 beforestimulation by也esel民 tedreag田ts.
Under resting conditions, no spon旬neous[Ca"'+]i 
changes were obs町 ed.同町吋 cells也也.earteri・
oles, whlch showed hlgh [Ca2ji at resting condi-
tions, were excluded世・omthe subsequent姐 alyses.
No structural difference w剖 detectedbetween the 
controls and也especime田 wi血 respectto Indo・11
AM  loading. 

5・HT(10凶の血.duced組担問槌ein [Ca2・11 in 
the smooth血:usclecells of post出町 ciliaryarteries 

(external diame旬rs<50 ”m） σi~. 3a）.τ'he incre錨 e
was rapid and oscilla:句ryflue如ationor persis旬nt血－

creases were sometimes observed. Con位actionof 
血.eart田iolesw踊 evidenced.In也cabsence of ex-
回 cellul町 Ca:z+，也e泊町ease泊［Ca2jiwas not com-
pletely inhibited (n = 10）σig. 3b ). The effect of 
Gd3+ (100 μ附， anonspec温ccation-channel block-
er, w錨也esame as that obsぽvedin the absence of 
Ca2+ (n = 8) (Fig. 3c ). Fur由ermore,no comple脂血－

hi bi岨onof 5・HT-induced［臼.21iincre回eswas ob-
S町vedfollowing回 a出血twith dil由民血（50凶t),
an L-type Ca2+-channel blocker (n = 8) (da泊 not

shown). In general, me回1botropicrecep旬1rsare G-
pro旬匝－link吋， andG pro旬血 s白nulationactiva旬s
phospholipase C, which cleaves me皿hr姐 .e-bound
phosphatidyl・inositol・・biphosphateぬ gen岡 崎 町si-
tol-triphosphate {IP3）岨ddiacylglycerol. This IP3 
subsequently causes Ca2+ mobilization企om也ein・・

旬rnals加問（3).To determine if出 sm田hanismof 
Ca"'+ mobilization w邸血volvedh也.e5-HT・血d田 ed
[Ca2+l increase, the effects of thapsigargin and 
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Fig. 2 Comparison betw鵠 nreal－首meconfo伺 llaser s伺 nningmicrographs of rat posterior ciliary arterial and vo同ic伺 e嶋・

nous smooth mu民 lecells. (a): Real-time confo姐 llaser s岨 nningmicrograph of a rat pos凶 巾rciliary ar加ry.而 ea陶 ryis 
surrounded by spindle-shap凶 smoothmt』回le倒 Isin a circular随 hion.(b): Real-time confocal la鴎「 S但 nningmicrograph 

of a rat vortic時 e四 in.The四 inis su問 und剖句smoothmuscle cells in the shape of cobble s1on関 .Specimens were問F

fused with normal HR for 5 min before副mulationwi山首ieselected reagents. Color scale bar: fluore以渇neera回osrepre-
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3 μm2). (a): 5・HTstimulation. {b): Extracellular Ca2+-free conditions ([Ca210-free). (c）：向II側 ingadministration of Gd3+ 
{100 μM); a non叩田ific回 tionchannel blocker. H側関r,neither [Ca・勺。－free(b) nor t陪atmentwith 100 μM Gda. （ゆ com-
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Fig. 4 Role for the mobilization of Caお fromint『acellularCa2+ stores during 5－間二induced[Ca2+]; changes in areas of this 
size (a加 ut3 μm"). (a) 5・HT(10州） induced only a slight [Ca211 increase in the cells after bloc陥geof the sarco-endoplas・
mic reticulum Ca"'+-ATPase by treatment with thapsiga~inσhaps, 2 ~~』）. (b) Tre創mentwith a phospholi同seC antagonist, 
U73122 (5ドM),partially inhibited the 5・H下induced[C祖 1;inc『eases.lliJ Treatment叫tha myosin light chain kinase inhibitor, 
ML 9 (10 μM), completely inhibited the 5・H下inducedincreases in [Caj,. Th陪e胞 gionsof interest we陪 set.

U73122 were analyzed. The 5・HT・induced[Ca2Ji 
increases血血ecells w町efound to be partially pre-
vented by pre回 a加 entwith thapsigargin (n = 8) 
σig. 4a). U73122 (5凶ii)，組 inhibitorof phospholi-
P邸 eC, also partially inhibited the 5・HT・induced血・
creases也［Ca2ji(n = 9) (Fig. 4b ). Thus, bo血 the
Ca2＋也畳眠企omex仕acellularspaces and the IPr 
d叩endentCa2+ mobil包ati on企om血tracell叫arCa2+ 

stores were induced by 5・HTstimulation, suggesting 
血at也emobilization of Ca2+ might be more si伊温－
cant由anCa2+ influx in血e5・HT－泊ducedresponse. 
These results indicate that bo也 Ca2＋血:fluxand re・
lease result血 a5HT-induced [Ca2+]; increase in pos-

同 iorciliary arteries. 
Phosphorylation of myosin light chain oιC) is 

one of the most important steps for vascular smooth 
muscle contraction (37, 66). To determine if this 
mechanism of也eMLC kin創 e(MLCK) w儲血valved
血血.e5・HT-induced[Ca勺； incre蹴 血 0町 system,
血eeffect of ML 9, an inhibitor of Ml.CK, was姐 a-
lyzed. We found伽 tML 9 (10凶の completely血－
hi bi制由.e5－町－inducedincreases in [Ca2ji (n = 7) 

σig. 4c). 

~fjもcts oJ. 5-H1’and its analogs on {Cc?+]; dynamたs
in posterior ciliary arteries 
We det町mined也eeffects of 5-HT and its analogs 
on post町 iorciliary紅 teriesto observe whether也ey
are mediated via姐 yof也erecognized sub勿pesof 
5・HTreceptors. In the presence of ketanserin, a 
5・HT2組踊.gonist,5・HTinduced little increase in the 
[Ca針］；血 smoo也 musclecells (n = 8）σig. Sa). In 
comparison,α－me也yls町oto凶n,a 5・HT2agonist，血・
duced a strong increase in也e[Ca2J；加 thesecells 
(n= 8）σig. Sb). However, 2・methylserotonin, a 
5・HT3ago国st,induced only a small increase恒也e
[C内； (n = 8）σig. Sc). 8・Hydroxy-DPAT,a 5-HT1a 
agonist, also induced little血ロeasein也e[Ca2ji血

smooth muscle cells (n = 8）σig. 6a），姐dCP93129, 
a 5・HT1bagonist, induced a weak [Ca2+]; increase 
comp町edwi血血atfrom 5・HT(n = 8）σig. 6b). In 
con岡 st,H・89(20 μM), a PKA antagonist, did not 
inhibit也e5・HT－血duced[Ca2+]i response (n = 11) 

(Fig. 6c). The effect of PKic14-22lομM). another 
PK.A antago凶st,w出也es佃 ie出血atobs町vedin 
the presence of H-89 (n = 8) (data not shown). 
SQ22536 (100凶の alsodid not completely block 
由is也.ere錨 e(n = 8）σig. 6d). Toge也.er,these results 
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suggested由atthe cAMP dependent pa血way(5-HT1 
姐 d4-7} is insi併直cantin e偽ctingV錨 ocon凶 柑on
follo羽ng5・HTsti.m叫ati on也 post町iorcili町yarter-
ies. Th町efore,it can be concluded由創出eresponse 
of the pos附 iorcili釘y訂旬riesis mediated by血e
5・HT1b,5-HT2, and 5-HT3 rec叩旬1rs,and血at5-HT2 
泊 particularplays a m司orrole in these responses. 

5-H1-induced [Ca2+]1 increase in vorticose veins 
Venous specimens were p町加edwith normal HR 
f町 5min before stimulation by the selected reagents. 
5・HT(10 μM) induced an increase in the [Ca2+]i in 
the smooth muscle cells of vorticose veins (n = 9) 
σig. 7a）.百eSHT・induced[Ca勺iincreases in vor-
ticose veins were smaller th姐 those血 post田iorcil-
iary arteries. In也eabsence of extracell叫訂 Ca2＋，也e
increase in [Ca2+]i was partially inhibited (n = 8) 
σig. 7b ). The effect of Gd3＋恒也.esecells was也e
sa皿C個也atobserved恒也cabsence of Caz+σig. 7c). 
Diltiazem (50 μM) also inhibited由eATP-induced 
[C内i泊creases(n = 8) (da胞 notshown). However, 
血.e5・HT・induced[C内； increases in the cells w悶

completely prevented by p間住・eatmentwi血 血apsi-
gargin (n = 9）σig. 8a), and the effect of U73122 
(5 μ附wasthe almost same (n = 7）σig. Sb). These 

results indicate th剖 theincreases in the [Ca2+]i 
caused by 子HTresult企omCa2+ rel伺 sed企om由e
internal Ca2す stores.Furthermore, to determine 
whe也erMLCK W出 involved白血e5-HT－泊duced
[Ca2+]; increase in vorticose vein smooth muscle 
cells, the effect of ML 9 w剖 analyzedand demon-
strated也atML 9 (10凶1)completely也hibited也e
5-HT－出d田叫担.creases恒也e[Ca2ji (n＝ησig. 8c). 

Effects ~f 5-HT and its analogs on the [Ca勺Idy-
namics in vorticose veins 
The effects of 5・HTand its analogs on vorticose 
veins w町es加diedto obs町vewhe也町血ey紅 eme-
出atedvia any of the recognized sub勿pesof 5・HT
receptors. In也epresence of ketanserin, 5-HT血・

duced little恒町・easein血e[Ca2＋］；泊 smoo血 muscle

cells (n = 8）σig. 9a）.α－methylserotonin induced姐

increase in the [Ca2+l (n = 8) (Fig. 9b), whereas 
2・methylsero加nininduced only a small increase in 
也e[Ca2Ji (n = 8) (Fig. 9c). 8・Hydroxy-DPATalso 
induced 1i悦leincrease血［Ca2ji血血.esecells (n = 8) 
σig. lOa), whereas CP93129 induced no increase in 
血e[Ca勺i(n = 8）σig. lOb ). In the presence of 
H・89(20凶の， the5・HT-induced[Ca2Ji increases 
in the cells were completely inhibited (n = 10) 
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σig. lOc）.’The e能 ctof P~1倒。凶の was 由e
same路 也atobs町ved血血epresence of H・89(n = 8) 
（伽notshown). SQ22536 (100凶のalsocompl伽 ー

ly blocked也isin町ease(n = 8) (Fig. lOd). Toge也町，
也eseresults suggest伽 tthe 5・HT血d恥 ed[Ca勺i

mobilization wi白血也eVO凶coseveins c姐 bemedi-
ated by 5・HT2and other cAMP-d句endentpa血ways
(5・HT~－7), in contrast旬 thefindings obs町vedwith 
pos回 iorciliary arteries. 

DISCUSSION 

Rat posterior oc叫町 vasculaturehas a unique and 
simple angioarchitec国間 comp紅edwi血 thatof也e
rabbit or primates. In these，血emedial and lat町al
pos町 iorciliary arteries are present apart from the 
optic nぽve(68, 69) wh町e踊 inrats，血eposterior 
ciliary artery回 velson the in島riorside of the optic 
nerve shea也知・wardthe optic disc. The posterior 
ciliary artery is derived from也einferior branch of 
the ophthalmic artery血 therat eye (26). The struc-
組問 of rat posterior choroidal vasculature姐 dposte-
rior ciliary vein have previously been studied. 
However, most studies utilized the corrosion c舗 ting

me也od(48, 49, 70, 84), which does not allow the 
exa血 inationof blood vessel function. Until now, 
few data have been available to allow也e姐 alysis
of the signaling systems血血鈎.ctordinary vessels, 
血 particularowing to也edifficulty祖 ex回 1pola血g
也esignaling mechanisms identified血 culturedcells 
句 cellsin vivo (75). Fur曲目more,few researchers 
have noted血esi伊ific姐 ceof regional di宜erences
血 smoothmuscle cells (42). There are also few 
pharmaco・physiologicalstudies on art町iolesand ve・
nules, which play a pivotal role in tissue circulation, 
because of the difficulties白 血alyzingcellul町 reac-
tions in intact町terioles姐 dvenules using conven-
tional me也o也.It is likely, however，也atvenous 
smooth muscle cells c阻 response旬 vario四位ans-
mitters and in particular 5・HT,in different ways 
也姐 wouldarteriole smoo也血1usclecells. In addi-
ti.on, even血oughapproximately 65% of the blood 
is contained in veno凶 sys・旬ms，也erehave been島w
studies related句血ephysiological response of ve-
nous smooth muscle cells to various仕 組smi抗ers/
modulators. The present s旬dyrevealed that the re-
sponse of紅 terial姐 dveno凶 smoothmuscles旬也e
vasoactive prope此iesof 5・HTdiffered between pos-
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Fig. 7 lime courses of the vortico間四noussmooth mu田 le捌 Issh側 ingthe [Ca211 changes in areas of this size (a凶 ut
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not enti聞 ly『田岡田iblefor the 5・H下indu四 d[Caj1 changes. Th問時ionsof inte『田t胸間set.

terior c出紅yart町iesand veins. In the posterior cih・
釘yarteries，也.e5・Hr-inducedresponse of inロeased
[Ca2ii w幽 effectedb~ ho由也eCa2+ infi皿 from位・

甘齢ellul紅 spac白血dits rel1飽 se金omin也rna1s伽 es,
wh町e槌也e[Ca""']i increase in也evorticose veins 
W鎚 muchmored叩endent佃 血eCa2+ influx from 
ex・回 cell叫arspaces. Fu地位more，血e齢 tivationof 
smooth muscle contraction is thought to occur 
也rough泊悦錨白血也e[Ca2ii• activation of Ca2+/ 
calmodulin-dependent MLCK, and increases in 
MLC phosphorylation, as in血.esp幽ticcanine basi-
lar artery, wh~間 MLC h鎚 beenshown to be phos-
phorylated by MLCK (22, 38). Our results using a 
MLCK inhibitor泊 botharteries and veins w町 e
cons is也ntwi血血ismodel. 

R回IJJOnseto 5-HT加 theposterior ciliary arteries 
Previous pharmaco・physiologicalstudies r叩 orted
也at也.e5・HT1姐 d5・HT2 receptor families most 
commonly mediated the con位actileresponses to 
5-Hr担 c剖 ainva田叫arsmooth muscles (27, 34, 
35, 45, 73, ？の，but也.e5・E ・恒duced[Ca2ii dynam・

ics have not戸tbeen studied. Using Ca2＋也iaging,

we戸eviouslydemo凶凶脂d血e由旬ilsof也e5・HT
recep旬路島undin血ecerebral arteries (external di-

ame伽 s>50凹）； in由ese,5・Hr1田 5・HT1b,5・Hr2.
and 5-Hf3 rec句旬rsc組 beidentified, wi由 5・HT2
recep旬間 playinga primary role (42). In由iss旬dy,
we found almost identical resul飽 和r也ecili町訂－
teries. Previously we were not able to detect姐 y
changes国 也.e[Ca勺id戸amicsof small arterioles 
(<50μm泊 diamet町） d田旭g5・Hrstimulation，祖国
di白 血g血atsmooth muscle cells in血ep町ipheral
C町 ebralblood vessels lack姐 yresponse to 5・.Hf
( 42). In a hemorrhaged region, considerable amount 
of 5・HTis released from platelets, and if the small-
sized arterioles of血ebrain express 5・HTrec叩tors,
血ereleased 5・HT企oma brain hemorrhage might 
induce sev町evasocons住iction也 thewhole cerebrョl
vascular network, m叫血g血血匂1brain也血age.A 
lack of response to 5・.Hf雌m叫柑onc姐 lead旬 b

active hyp町 田ia，担 whichthe ce田：bralblood flow 
hぽeases位・ansientlyfollowing large紅白cyocclu-

sions (33, 43, 8η. In也iscontext, previous physicト
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logical studies have reported白紙 5-HTcons住icted
large arteries and reduced the vase叫.arresistance of 
small vessels (11, 15, 57, 64, 77, 78). In vivo obser-
vation confirmed白紙 5-HTinduced也econ位action
of the pial vessel (> 200 μm血 restingdia皿eter),
wh町・eassmall vessels （く70凶 1in di担 let町） w町e
dilated (28). Notably, Teng et al. reported也atthe 
raιio of 5・HT1and 5・HT2recep句n decreased pro-
gressively to也eirsmallest values in second branch 
middle cerebral創出esor smaller segments (73). 
h 也iss旬dy，，也e5－町ー血duced[Ca2J; dynamics 

observed in the posterior ciliary arteries appe紅 edto 
be si血ilar旬也ep田吋ouslyobserved reactions in ce-
rebral ar旬ries.We previously reported the existence 
of regional differences祖 dsize-d叩end＇四tm佃 n町 S

of response to 5・HT担問問：bralblood vessels，国.di-
eating由at血eregula句＇rymechanisms of blood cir-
culation町ehighly diffi町entia旬d血 eachregion of 
the cen住aln町voussystem. In ciliary arteries, the 
external dia皿.etersare almost sa血 e出血oseof血e
cerebral mid-and small-sized ar伽 ioles(external di-
ameters < 50 μm) (42). By comparing our present 
data wi由也atobtained previously, we suggest由at
the con仕actionof the cerebral art町iesmight be de-
cided not only by the size of the relevant sections 

themselves but also by the number of divぽgences
from main arteries （回 theophthalmic artery r叩re-
sents the first branch of the凶 ernalcarotid副町）．

Response to 5・.JlTin the vorticose veins 
The marginal venous anastomosis of血eperipapil-
lary choroid plays a significant role恒也evenous 
批祖国geof血eoptic nerve head and the re出 alvas-
c叫a旬re.Previous reports indicate血at也epos加 ior
ciliary veins as well as血evorticose veins provide 
veno凶 drainageof血epost町iorchoroid in也erat 
(70, 84). The miα・ovascular supply姐 ddrainage of 
由eoptic n町veand血eperipapillary choroid have 
been studied白血erabbit ( 68), nonhuman primates 

(69), and humans (50) using physiologically con-
trolled microvascular corrosion castings (1, 5, 16, 
47, 70, 82), which permanently r叩licate血eana-
旬miccondition of the vascular beds under血ephys・
iologic conditions at也etime of plastic i吋ec姐on.
Such a pl出 ticmodel of也eoc叫訂 V碕 C叫a加reap-
pear百 回 pres町ve也ev踊 C叫町凶ne.However, most 

studies have of necessity observed only也ediv町sity
of也eぽt出 回 叩dve血S姐 dnot their physiological 
response. 

Most physiological studies of the venous system 
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have utilized the portal veins，姐d島whave exam・
ined也e白nctionof由evenous smooth muscle cells. 
Takahashi et al., using real-time confocal laser scan-
ning mi町田C叩＇Y,revealed血.ata回nsientand peri-
odic increase in the [Ca2+]; occurred within the 
longi加出nalsmoo也 musclecells and was甘姐Sm.it-
旬dspirally from the intestinal to血ehepatic side of 
也eh叩aticportal veins (71 ). The叩 πentstudy r叩ー
問 S佃 ts血.efirst to incorporate the use of a calcium 
imaging technique加 compare也eopb也a凶ic紅白r-
ies and veins. For吐ieportal ve血s，也.elongi旬dinal
smooth muscle cells w町eshown加 spanthe in1旬」

val of theおldin也emann町 ofa spirally arr姐 ged
palisade around仕ievessel wall (71). In也epres四 t
s国dy,，也eveins were surrounded by smooth muscle 
cells in the shape of cobblestones. Previous scan・
ning electron microscopy studies have shown也at
muscular venules consist of at least one layer of flat 
cells similar旬也eflattened smooth muscle cells 
characteristically observed in也ewalls of也eveins 
of血erat mammary gland (24) and of也evenous 
segments of rabbit ear arteriovenous anastomoses 
(23). Our confocal laser scanning microscopy pro-
vided similar images of smooth muscle cells恒也e
analyzed vessels. In也.efu:旬re,it will be necess町y

加 verifywhe也er也estream泊gof也evorticose ve-
no凶阻00也盟国clecell a1i胆mentdi晶 rsfrom也at
of other veins. Here, we demonstrated that the 
5-HT-induced [Ca勺idynamics血也evorticose veins 
differed from血atof the pos旬：riorciliary ar飽ries.

Our results suggested也at血ereceptors responsi-
ble for 5・HTresponse血血eposteri町 ciliary紅 teries
and veins町emost likely 5-HT2羽 where筒也ecere-
bral vase叫a旬 開 canpossess 5・HT1"'5・HT1b• 5・・HT2,
組 d5・HT3recepto四.Also, it is possible也atPKA 
由民間心包 wi也 ups甘・ea皿 of血eIP3 rec句旬目白血e
vorticose veins. Compared to the ciliary arteries, the 
PKA-dependent 5・HTreceptors (i.e., 5・HTι1）町e
more dominant由組也.e5・HT2receptors血 也evor-
ticose veins. It seems probable白紙 veinsdo not re-
q凶rea delicate control mechanism to regula旬 tissue
circ叫ation.A previous study, which exa皿ined白e
血tracellul紅 S住uctureof the endo血eliumlining of 
ve泊・旬・紅白rygrafts, demonstrated也at也esurface 
訂eaof the rough endoplasmic reticulum w槌 si伊iι
icantly increased up to 26 weeks aft町 graft血S町・

tion, but not at 52 weeks (74). Betwe田町伽ioles
組 dvenules，也elattぽ exhibitendothelial cells con・
旬i凶ngfew organelles such鎚 mitochoni世ia,di佃 .se
bodies，姐dg姐 ul訂 endoplasmicreticulum (14). 
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We th町eforesu毘est曲at也cCa2+血fluxis much 
more dominant也姐也eCa2+ mobilization related to 
Ca2+ release企om血e四＆事l錨 micreticulum担 ve血s
compm:吋句訂teries.

Conclusion 
Our examination of由eresponse to 5-HT in pos伽 i-
or ciliary arteries and vorticose veins demons・仕a旬d
血at創出al姐 dvenous smooth muscle cells might 
serve in a great variety of responsibilities which 
could not have found out出 previousstudies. 5・HT
問 C句＇torsin posterior ciliary arteries and vorticose 
veins play important roles白血ere思ilationof v出・

c叫紅白nctions.In the present s佃dy,，也erec句tors
血.at白nction旭町t町ialand venous smoo也 muscle
cells were shown to differ wi血血血esame tissue, 
suggesting血at也econsequences of 5-HT－也duced
[Ca l; increase in vivo邸 側也esame between 
these cells. These results indicate由at血etissue/or-
gan・spec姐ccharacteristics of vasc叫arfunction must 
be taken into consideration when determining也位

physiological responses. Therefore, clarification of 
血eirspec坦citiesis essential for the development of 
therapies designed to improve the blood circulation 
回given由sues/organs.
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