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Morphology of cerebral circulation.
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Abstract

Exact knowledge of the understanding of cerebrovascular morphology is prerequisite to

clinical medicine, particularly in the case of performing endovascular surgery and explaining
interventional radiology. In this article, the author mainly described morphologic traits in
cerebrovascular circulation of pial arteries, arterioles, and parenchymal capillaries, with special
emphasis on historical perspective of innervation and ontogeny. The glio-vascular system was
explained from the stand point of blood-brain barrier as well as aquaporin water channel system.

Key Words : cerebral circulation, microvasculature, blood-brain barrier, autonomic innervation,

ontogeny

gobogon
gobbooobooobbooobboobb
gobobooobooobooobboobo
goboooboooboobboobooboo
gboobogobogolegz2o0oooooooboon
goobooboooooooooboboobon
goobooooooooooobooobon

Oo0oooooooooooopooooooo
Oo0oooooooooooopooooooo
Oo0ooooooooooooooooooo
gooooooooooooooooboono
oo ooooboboo
Virchow-RobinD O OO ODOODOOOOOOO
O00Oshear stress0 00000000000

Kawasaki lkaishi Arts & SciMIO00OOMOI 0

Correspondence to Katsukuni FUJIMOTO
katukuni@med.kawasaki-m.ac.jp



20

cobooooobooooooooooooobooo
cobooooboocoooooboooooboooo
O0O000000000D 0O Virchow-RobinO
cobooooboooooooboooooboooo
cobooooboooooooboooooooo
coboooobooooooooooooooo
ooooood

gooooooo
gooooonoooooooooooooo
dodododooooooooooooooooo
000oo0o0oooilro20000000ooa
doodoooooooooooooooooo
dodoooooooooooooobobo
goooboboooobooboobooo
00000000D0O00D0OO0O vasa vasorum]
Oo0d0ooooOo"™0oooooooo
gobbooobooboobobuoobbooooboo
gooddoooooooooobobbobbo
gogddouooooooooooooooobo
oobooooooooobooboboooog
odoboooooooobooobobooooog
oobooobooooobooboboooog
gooooo™da
gobobooobooobooobobooon
oobooobooooboboooboboooog
0 O caveolaed O O O O O peritheliumO O O O
ooooootao
dooodoogoboooboooboon
oobooboobobooboobobooobga
00 D0 000 Chambersd Zweifach””0 0 O
O000°°0000000000Rhodine” 00
gobooboobobooboobbooooba
O000000000DO0ODO0OO arteriole™
ddddooododarteryl ODOOOQOOQ
00000000ooogodoo capillaryd
dooooooooooooboboboboboooon
Joooooooooooooboboooooo

00000000 oOoOmooooo

0o0o0ooooo0ooooooooooooo
o0o00oooo0o0ooooooooomooo
00o00oooooooooooooooooo
o0o00o0oooooO0oooooooooooo
00o000oo0oooO0oo0oooooooooo
OO0y 00000000 oOoOoOoooooo
oo00o0oUooooOooOooooOoooooo
o0o00o0oooooO0o0o0oooooooooo
ooooooooooobobobobbooooog
Jo0oooooDoo0ooOoooooDodpino-
cytotic vesicle 00000000 OOOOOO
ooooooooobobobobobobboobooog
0Jooo0oooooooooooooog®™™™m
goooooooobobobobobobboboog
goooooooobobobbobobbobbobo
goboboobobooboboooon
micfofilamentsDO 0D 00O O0O0O0OO00OOOO
caveolaeD 0 OO0 0OODOODOODOOODODO
goooooobobobbobbbobbobobog
gooooobobooobbobbbbbbbobog
00o000ooooo0oooooooooooo
ooo0ooooooooooooooo®*™o
oo00oooooooooooooooooo
0000000000000 oooooaov =g
o0o00oooooooooooooooooo
ooooooooooolonmOOOooooo
oooo“eo
00000ooo0o0o0oooooooooo
0000000000000000O0o0o0®o
000000002400° 0000000000
00oooo-o00ooo-oooooooo
5000 0000000000000000O*0

goobobooboo
gogooggooggdongooooooo
goobooobooobboobobooboo
goobooobooobboobobooboo
oooooooo0o0O0O0O0ooooOoY™ooo




goooooooooo 21

000 0abluminal surfaceD0 00000000
O dystrophin, a - -dystroglycan,a -syntrophin
00 0O a -dystrobrevinO O 0 O O O O dystrophin
-dystroglycan complexD OO OO0 O0O0DOO0O
0000000000O0oo0oooDO0Oa -dystrogl
ycanO O OO0 0ODOOOlaminin O agrind O O
0000000oDOo0oC0OOOOddmatrix me
talloproteinase] 0 0 MMP-2/MMP-90 3 -dyst
roglycan O MMP-30agrinC 00 00O0O0O
gdddddooooooooooo

Orthogonal array Aquaporin( LandisO O
ogooooooooobobbobobbobboobog
ogoooooooooobobobobobobbobon
00000o0ooOooDooDDOO0O0O0orthogonal
arrayd 0 0 0 **0 0O O orthogonal arrayl
D0o0oooooO®*®™oAgred® 0000
g0 00oooooooooooooon
goooooooooobbobbbbbbbn
00D0D00000000000daquaporin
JAQPUOOUIDDOOODOODDbDOOn

AQPODO00DDUDOUDOUDOOOOUDOO
o00oU0oo0oooooUooOoooUooOoo
AQP-00 AQP-12001 130 O aquaporind 0 O 0O O
O00000O0OOoAQP-1DAQP400OCODODO
O000oU00o0oUpDoOUOAQP-1IOOOODOO
AQpP40000C0COO0UUOUIOIUDODODODO
OUOGFAPOOUOODODOOOOOODODODOO
OO000AQP4A000I0OODODODDOOCODODO
oo0o0oooooooopooooooogo
oo0ooooooooopooooooooo
O0ooooo®*o

0 O Virchow-Robin O
00000000O00oD0oooooooooo
godbobooobooboooobooooon
“ Virchow-RobinO” O0000*®* 000000
ogoooooooooobbobobbobboobod
oo ooooboboo

Virchow-RobinD D OO O0OO0OO0OO0OO0O0OO0OOO
O0o00oooooooooo®*m
O00000oooO00o0ooooooooooo
oo0oooooo* ooo"™ ooo” ooo
000000ooo0o0o0ooooooooooo
O0000ooo0o0o0ooooooooooo
O0000ooo0o0o0ooooooooooo
0000ooo®™*Nooo0o0ooooon
“O0000000Virchow-RobinO OOOO
O 17 intercellular compartmentT] 00 O 11 pial
spacel 0O OO0 OOOO0OOOO0OOOO
googoog” ooooooooooooo

ggboobooobobooobooob* ooobo
g oboobobooobooobooobo
oooo*o

gooOoooOoUooooOooooooooooo
oo

(@ OODArteryd00D0DO0O000000OOLLO
gooooooooooooooobooboopvsd
ooboOoooosAsODO0O0O0O0ooon

b) 000000GW@ODOOODODODOOOO0OLLO
ooooooooLpooooooooooo
0ooo00L200L0o0000o0o0oo0o0
oooooooooooooooLoooo
goopvsOOODOO0OOgray patternd

00000 Virchow-RobinO OO OO 0O 3D-
MRIDOOOOOOOOOOOOOOOOOO
000000 oDOooooooog®*g



22

oooooooooon
gonoogoogopnoooooooooo
oooooooboooooboooooooboon
oooOo0oooobooooobooooDbDono
16640 WillisO OO ODOOODODOOO0O0OO0O0O0
coooooobooooboooooooboooon
ooboooooooobobooooooseedn
ocooooooooooooo* oooro
30000 ooorb1ero0onO® ODODOO
O” oooooocoooboooboooooboooo
o000 coocoooooo"r bOoboo
coooooboocoo" ooboooooooo
coboooooboooobooobooooooon
cobooooboocoooooboooooboooo
coooooooo
dddooooooooooooooooo
cobooooboocoooooboooooboooo
OooOoOOOOOoOO0oO00oooooooowillis

00000000 oOoOmooooo

00000000000 D Purkinjél 183611
Remarkl 18410 0 000000000 OO0DOO

gobooooobooooooooooooooon

dooo0oooooooooooo™*ooo0
goobooobooobboooboboobo
0 O RoyO Sherrington®* BaylissO “°0 0 O O
goobobooobboooboboooobobo
ggobooobooobboobobooboo
gdobo0oooooooooooooboono
Oo0d0ooooboooooboooboboooo
0 0 0 Huber"?O methylen blue 000000
godobooooboobouoooboooooa
gooooooooog
godooobooooooooooooon
Peased Molinari*0 0 0000000000
gooobooooboooooobooooa
godobooooboooooobouoooboo
gooboooooo0booooooooo

oooooooboooobooDbo

00000000000 AdOChOOOO0O0O0DOOO0OO0sSASO000O0O0O0O0O0O0O0O0O0O0COOO0O0O0O0O0O0
000000000000000000O0O00O00PYVSOOOOOOOOOOOOOOOOAIDDODOOOO
gosMOOoOoOoOooOoOoOocoooooooobooooOobOobOeOOoDOOOBeOOODOOODOODO
OOAsO0O0O0O0O0OBaDOOOOOOOOOOOOCOOOODOCOOOOOOOOODOOOOOOOCROO
obooboooboooobooobooobodossbboobooooobooOoboOoon



goooooooooo 23

“ OD0axon” 000000000 OD0OOOO
000000000000000000000
000000000000000000000
000000000000000
00000000000000000
00000000000000000000
000000000000000000000
000000000000000000000
000@MO0000000000000MO0
000000000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
0000000000 19380 OBusch*’ 000
000000000000 00O0dopamine-
B -hydroxylase0 0000000000000
000000000000000000000
0*0000000000000000000
000000000000000000000
0%
00000000000000000000
000000000000000000axond
00000000 000000" 00000
0000000000000000000000
axon00O0O0O00O0O00O00O0O00O00O
00000000000000000000
O0O0Oaxond00000000O000O0O00OO0
000000000000000000000
“e0Q0pO0000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
000000000000000000000
0ooooooo
000000000000000
00000000000000000000
000000000000mMO0000000
0D0000000000000000000

O0000ooo0ooooooooooooo
O000OO0OMynert0 00000 QOOOOooOQ
O0000ooo0o0oooooooooooon
O0000ooo0o0o0ooooooooooo
0 O O O ONoradrenaline, serotonin, pancreatic
polypeptide0 000000 0000OGABAD
dopamine0 0“0 0000000000000
0000000000000 00000 acetyl-
choline, vasoactive intestinal polypeptide VIPO
goddddooooooooooooo

goooopoooooooooooog

0 methylene blued O O Huber 18990 0 O O
OdwiisCOooooOoooooOoooobomoom
0dodoooooooodoooopooooom
gobdobooboOoooooboooooooooO
ooooopooocooOoOoooooooooom
gdooopooooooOooooooooooo

goooooooom
goooooooooOoOoooooocood

Subsatnce-P, neurokinin-A, calcitonin gene-
related peptidé] CGRPIDdynorphin-B, galanine,
chorecystokinin- 80 0 0 00 00OD0OO0OO
O0000ooo0o0o0ooooooooooo
OOBNPOODOOOOOOOOONPYOOOO
JdddddodddooooooooddNod
goooooooooooobbooobobobo
OGABA-ADODOODOOOOOGABA-BOOO
godoooooooooo



24

gooooooo
gooooooooooooonoooooon
Oo0o0oooooooOo*»*™Moooooo
O0000Padget”0000000O0O0OODODO
goododooooooooooobooooooo
gooobb-oooobboboooooooo
oo®**0000dU00ooooooooooon
gogddoooooooooos ooor oo
gogddouoooooooooboobbobbo
odobooooooooobooboboooog
odobooooooooboobobooooog
dooooboooboooboobooboo
00000000D0O0000" in vitro” 0 in
vivo" 000000000000 0O0DOO0OOd
gobooobooooboboobobooooag
gobooobobooobooobooo
goobooobooobooobobooon
0 hemangioblastO0O 0O O O 0 OO angioblastOO
ooboooboooobobooboboooobag
oobooobooooboboobobooooba
gobooobooooboboobobuoooboobg
goboooboooobobooobobooobooboga
ddododooooooooooooooooo
dodododooooooooooooooooo
000000000000 primary vascular
pexusilD 00000 0O0D0OOO0OOOOOOOO
dojododooooooooooooooooo
gojdooooooooooooboobbobo
0000000000000 oooooo®*™m
godoooooooooooooooooon
oooodoodnooooooboboooog
gddddoooooooooooooo® o
0 O 00 vasculogenesis D 0 O0®* 000000
00" OO0 0O0angiogenesis O0O0O0O000O0
gogoddoooooooooooboobbobbo
ooboooooooooboooobooooog
odoboooooooooboobobooooo
O0000000000O0oooooooo™a

00000000 oOoOmooooo

o000oooooooooooooooo
00o000oo0oooO0oooooooooooo
o0o00o0ooooooooooooooooo
oo0o0ooooooOoooooooooooo
oo000ooooo0ooUoooooooooo
00000000000000*000000
00O Carnegie stage 170 0000000000
oo0o0o0kooooooooooooooo
ooooooooooobobobobobobobooobog
goodobooooboooboooooooooao
Jo0oooool1e00000O0O0OOCarnegie
stage 200000 00000OOODODOOOO
000000000O0o0obO0O0O0OVEGF20DO
0o00DD0D0o0o0oooOooDOoOooeESODOOOO
O invitroo 00000000000 00O0
goooooooobbobbbobbobooog
gooobooboboobooooooboo
goooooobobobbobbbbbboboboog
gl ouoooo

gogoggoooooooooooooooo
0000000" O000OJangiogenesisX O
oo00oooooooooooooooooon
00o000oooooooooooooooo
000000®"00000000000000
oo00oooooooooooooooooo
000000 intercellular canalization[D O O
00000o0ooo0oooooooooooo
oo00oooooooooooooooooo
0 O O intracellular canalization(DD 0 0 O O

000000ooo0o0ooooooooooo
00o000oU0ooo0oooooooooooo
gooooOoooooooooooooo

“ Nahtlose Endotheliuril =seamless endothelia™

O00Mmooooooooooom@moOoon
00O %*T seamless endothelia” O in vitrod O
0000000000 oooooooo®s g

intercellular canalization” O“ intracellular
canalization'0 00000000 OOOOOO



goooooooooo 25

ooooooooo
000O00D0o0oDOOoOobOOoDooooaey, 70
oom

00o0000ooooomLmooooooon

00000000000y MM F fenest
raD0D00000OENOOOOOOOEROOO

000000000 EMUOU0UUUmEND

gooooooobooobDoooooooon
00ooooOoooOoooOoooooooooo
00o0o0ooooooooooooooooo
gdoodooobooobooobooooono
OoooOoPP.OOOODOODOO
000o00oo00o0o0ooooooooooon
0ooooooooboboooobooooono
OBLOOOOOOOOOODOOODOOOD
0Mo0o000o0o0o0ooooooooooooo
gdoodooobooobooobooooono
Oo0oooOoooOooooooooooooo
000000000000 tight junctiond O
o0o0oooooooooono

00o00o0ooooOo0oooooooooooo
OO00gd* intercellular canalization” O OO0
OOooooOg" intracellular canalization” OO
00000oooooooooooooooo
00o0000oooO0o0oooooooooooo
000000ooooO0oooooooooooo
0o00o0ooooOooooooooooooo
000000000000000%00000
0000o0o0ooooO0oooooooooooo
0000o0o0ooooO0oooooooooooo
00o00ooO0o0o0oooOooUoooooooo

oo oooooOoOoooooserooooOod
ooooo
oooooooooooobooOoObOobooooo
ooodgoseoooooovnOOOOOOOO
ooo
oooooooooooOoOOo0ooooooosend
ooo0O0ooooooooooooo
ooooooooooooooooboboooooa
oooooOoOoOOo0oOoOoOooOosegooooOon
ooooooooodoo

gooo
godboooobooboobobooboon
ggboobobooobooboobbooobog
ggbooboooobooboobboobo
(0000000000000 O Interventio
nal Radiology=IVRO O OO OOOOOODOO
gogboobobooobooboobbooobo
gogboobobooobooboobbooobo
gobooboooboobbo-oboobb
goboobobooobooboobboobo
goboobobooobooboboobboobo



26

000o0o0o0o0oooooooooooooa
0019700 00Rhoton0 000 0O0O0OOOO
O0000o0o0ooooooooz000000
000U0o0o00oo0oooooooooooo
0 019400 O O PagetDl O O O O O Carnegied

000o0oo0o0oooooooooooooo
00000o0o00o0ooooooooooo

0000U0ooo0o0ooooOoooooooo
gooodoooooooboooooooood

oo
gobooooooobooooboobooooooo
gbooobooobooooooboboobooooo
gboooooobooooooboooboooo
gbooooooboobooooboooboooo
gbooooboooboobooooboooboooo
gbooobooobooooooboooboooo
gbooobooobooooooboooboooo
gbooobooobooooooboooboooo
gbodoobooooooboooobooo

gooo

0 O Zervas-NT, Liszczak-TM, Mayberg-MR, Black-
PMecl., Cerebrospinal fluid may nourish cerebral
vessels through pathways in the adventitia that
may be analogous to systemic vasa vasorum, J.
Neurosurgery, 56:475-481, 1982

0 O Kentish-JC., Smooth muscle and the cardiovas-
cular and lymphatic systems. it  Gray’s anatomy.
The anatomical basis of clinical practice (40™
ed.)” section 1, chapter 6, Elsevier, Amsterdam,
2008, pp.127-144

0 O Roggendorf-W, Cervos-Navarro J., Characteriza
tion of venules in the brain. Adv. Neurol., 20:39-
46, 1978

0 O Chambers-R. Zweifach-BW., Topography and
function of mesenteric capillary circulation.

Am. ]J. Anat., 75:173-205, 1944

00000000 oOoOmooooo

gooooobbo0ooobobobooooobobooom
0oogogggg 1965

0 O Rhodine-JAG., Architecture of the vessel wall.
in“ Handbook of physiology sec 2., vol.2 ,
Vascular smooth muscle. DF Bohr, AP Somlyo,
HV Sparks (edts.,) Am. Physiolo. Soc.,
Bethesda, 1980, pp.1-31

0 O Reese-TS, Karnovsky-M]., Fine structural
localization of a blood-brain barrier to exogenous
peroxidase. J. Cell Biol., 34:207-271, 1967

0 O Bradbury-MBW., The blood-brain barrier. Exp.
physiol., 78:453-472, 1993

0 O Forbes-MS, Rennels-ML, NBelson-E., Ultra-
structure of pericytes in mouse heart. Am. J.
Anat, 149:47-70, 1977

10) Tilton-RG., Capillary pericytes: perspectives
and future trends. J. Electron Microsc. Tech,
19:327344, 1991

11) Ashton-N, DeOliveira-F., Nomenclature of
pericytes. intramural and extramural. Br. J.
Opthalmol., 50:119-123, 1966

12) Fujimoto-K., Pericyte-endothelial gapjunctions
in developing rat cerebral capillaries: a fine
structural study. Anat. Rec., 242-562-565, 1995

13) Fujimoto-K, Fujiwara-K, Goto-M, Ishii-R.,
Pericytes and macrophages in the cat cerebral
capillaries. some fine structural implications.
Kawasaki Med. J., 22:217-223, 1996

14) Rennels -ML, Gregory-TF, Blaumanis -OR,
Fujimoto-K, Grady-PA., Evidence for a
'paravascular’ fluid circulation in the mammalian
central nervous system, provided by the rapid
distribution of tracer protein throughout the
brain from the subarachnoid space. Brain Res.
326:47-63, 1985

15) Gregory TF, Rennels ML, Blaumanis OR,
Fujimoto K., A method for microscopic studies

of cerebral angioarchitecture and vascular-



goooooooooo 27

parenchymal relationships, based on the
demonstration of 'paravascular' fluid pathways
in the mammalian central nervous system. J
Neurosci Methods.14:5-14, 1985

16) Rapopart-SI., Blood-brain barrier in physiology
and medicine. Raven Press, New York, 1976

17) Wolburg-H, Noell-S, Mack-A, Wolburg-Buchholz
K., Fallier-Becker P., Brain endothelial cells and
the glio-vascular complex. Cell Tiss Res., 335,
75-96, 2009

18) Landis-DMD, Reese-TS., Arrays of particles in
freeze fractured astrocytic membrane. J.Cell
Biol., 60:316-320, 1974

19) Hatton-JD, Ellisman-MH., The distribution of
orthogonal arrays and their relationship to
intercellular junctions in neuroglia of freeze-
fractured hypothalamo-neurohypophysial
system. Cell Tiss. Res., 215:309-323, 1981

20) Hatton-JD, Ellisman-MH., Orthogonal arrays
are redistributed in the membranes of astroglia
from alumina-induced epileptic foci. Epilepsia,
25:145-51, 1984

21) Preston-GM, Carrol-TP, Guggino-WB, Agre-P.,
Appearance of water channels in Xenopus
oocytes expressing red cell CHIP28 protein.
Science 256:385-387, 1992

22) Badaut-J, Brunet-JF, Grollimund-L, Hamou-MF,
Magistretti, Villemure-JG, Regi-L., Aquaporin 1
and aquaporin 4 expression in human brain
after subarachnoid hemorrhage and in
peritumoral tissue. Acta Neurochir suppl.,
86:485-498, 2003

23) Nicchiaa-GP, Nicob-B, Camassaa-LMA, Molaa-
MG, Lohe-N, Dermietzeld-R, Spraye-DC,
Svetoa-M, Frigeria-A., The role of aquaporin-4
in the blood-brain barrier development and
integrity. Studies in animal and ell culture

model. Neuroscience, 129:935-945, 2004

24) Papadopoulos-MC. Manley-GT, Krishina-S et
al., Aquaporin-4 facilitate reabsorption of
excess fluid in vasogenic brain edema. FESEB
J., 18:1291-1293, 2004

25) Suzuki-R et al., Astrocytes co-express aquaporin
-1,-4 and vascular endothelial growth factor in
brain edema tissue associated with brain
contusion. Acta Neurochir., Suppl., 96:398-401,
2006

26) Virchow-R., Uber die Erweiterung kline Gefasse.
Arch Pathol Anat Klin Med., 3:427-462, 1851

27) Robin-C., Recherches sur quelques particularites
de la structure des capillaries de I’encephlae. J.
Physiolo Homme Animauz., 2:537-548, 1851

28) Weed-LH., The absorption of cerebrospinal fluid
into the nervous system. Am. J. anat., 31:191-221,
1923

29) Woolam-DHM, Millen-JW., The perivascular
spaces of the mammalian central nervous system
and their relation to perineuronal and subarachnoid
spaces. J.Anat., 89:193-201, 1955

30) Krahn-V., The pia mater at the site of the entry
of blood vessels into the nervous system. Anat.
Embryo(Berl.) 164:257-263, 1982

31) Krisch-B, Leonhardt-H, Oksche-A., Compartments
and perivascular arrangements of the meninges
covering the cerebral cortex of the rat. Cell Tiss.
Res., 238:459-474, 1984

32) Zhang-ET, Inmn-CB., Weller-RO., Interrelationships
of the pia mater and the perivascular (Virchow-
Robin) spaces in the human cerebrum. J.Anat.,
170:111-123, 1990

33) Haines-DE, Harkey-HL, al-Mefty O., The subdural
space; a new look at an outdated conceot.
Neurosurgery, 32:111-120,1993

34) Pollock-H, Huchings-M, Weller-RO, Zhang-ET.,
Perivascular spaces in the basal ganglia of the

human brain: their relationship to lacunes.



28

J.Anat., 19:337-346, 1997

35) Wuerfel-J, Haertle-M, Waiczies-H, Tysiak-E,
Bechmann-I, Wernecke-KD, Zipp-F, Paul-F.,
Perivascular spaces - MRI marker of inflammatory
activity in the brain. Brain, 131;2332-2340, 2008

36) Groeschel S, Chong WK, Surtees R, Hanefeld F.,
Virchow-Robin spaces on magnetic resonance
images. normative data, their dilatation, and a
review of the literature. Nuroradiology, 48:745-
754, 2006

37) Forbes-HS., Wolff-G., Cerebral circulation. III.
The vasomotor control of cerebral vessels. Arch.
Neurol. Psychiat., 19:1057-1086, 1928

38) Forbes-HS, Cobb-S., Vasomotor control of cerebral
vessels. Arch Neurol. Brain, 61:221-233, 1938

39) Roy-CS, Sherrington-CS., On the regulation of the
blood-supply of the brain. J.Physiol., 11:85-158,
1890

40) Bayliss- — WM, Hill-L, Gulland-GL., On intracranial
pressure and the cerebral circulation: Part I.
Physiological; Part II. Histological. J.Physiolo.,
18:334-362

41) Huber-CG., Observation on the innervation of
intracranial vessels. J. comp. Neurol., 9:1-25, 1899

42) Pease-DC, Molinari-S., Electron microscopy of
muscular arteries; pial vessels of the cat and
monkey. J. Ultrast. Res., 3:447-468, 1961

43) Nelson-E, Rennels-ML., Innervation of intracranial
arteries. Brain, 93:475-490, 1970

44) Busch-E., The innervation of the intracranial
blood-vessels. Acta Psychiat. Neurol., 13:131-158,
1938

45) Swanson-LW, Connely-MA, Hartman-BK., Ultra
structural evidence for central monoaminergic
innervation of blood-vessels in the paraventricular
nucleus of the hypothalamus. Brain Res., 136:166
-173, 1977

46) Reis-DJ, Iadecola-C, Nakai-M., Control of cerebral

00000000 oOoOmooooo

blood flow and metabolism by intrinsic neural
systems in brain. In, Cerebrovascular Diseases
F-Plum, W-Pulsinelli (eds.), Raven press, New
York, 1985, pp.1-25

47) Rennels-ML, Nelson-E., Capillary innervation in
the mammalian central nervous system: an
electron microscopic demonstration. Am. J. Anat.,
144:233-241, 1975

48) Rennels-ML, TF-Gregory, Fujimoto-K., Inner
vation of capillaries by local neurons in the cat
hypo thalamus: A light microscopic study with
horseradish peroxidase. J. Cerebral Blood Flow
Metab., 3:535-542, 1983

49) Krimer-LS, Muly III-CE, Williams-GV, Goldman-
Rakic-PS., Dopaminergic regulation of cerebral
cortical microcirculation. Nature Neuroscience,
1:286-289, 1998

50)00000000000000000000
33:130-143, 1944

51) O’Rahilly-R, Muller-F., The embryonic human
brain. An atlas of developmental stages. Weiley-
Liss, New York, 1994

52) Padget-DH., The development of the cranial
arteries in the huma embryo. Contrib Embryol,
Carnegie Inst. Washington DC, 32:205-261, 1948

53) Povlishock-JT, Martinez-AJ, Moossy-J., The fine
structure of blood vessels of the telencephalic
germinal matrix in the human fetus. Am. J. Anat.,
149:439-452, 1977

54) Rowan-RA, Maxwell-DS., An ultrastructural
study of vascular proliferation and vascular
alkaline phosphatase activity in the developing
cerebral cortex of the rat. Am. J. Anat., 160:257-
260, 1981

55) Mall-FP., On the development of the blood-vessels
of the brain in the human embryo. Am ] Anat.,
4:1-24, 1905

56) Streeter-GL., The developmental alterations in



goooooooooo 29

the vascular system of the brain of the human
embryo. Contrib Embryol, Carnegie Inst,
Washington DC, 8:5-38, 1918

57) Sabin-FR., Studies on the origin of blood vessels
and of red blood-corpuscles are seen in the living
blastoderm of chicks during the second day of
incubation. Contrib Embryol, Carnegie Inst,
Washington DC, 9:213-262, 1920

5) 00 0000000000000 00OOO
gooooobooooooobooooboo
O0mOoO0ooooooi99l, pp.109-123

59) Risau-W., Mechanisms of angiogenesis. Nature,
386:671-674, 1997

60) Bar-T, Wolff-JR., The formation of capillary
basement membranes during internal
vascularization of the rat’s cerebral cortex.
Z.Zellforsch Mikrosk. Anat., 133:231-248,1972

61) Yamashita-J, Itoh-H, Hirashima-M, Ogawa-M,
Nishikawa-S, Yurugi-T, Naito-M, Nakao-K,
Nishikawa-S., Flk1-positive cells derived from
embryonic stem cells serve as vascular
progenitors. Nature. 408:92-6. 2000

62) Sabin-FR., Origin and development of the
primitive vessels of the chick and of the pig.
Contrib Embryol, Carnegie Inst, Washington
DC, 6:61-124, 1917

63) Wolff-JR, Bar-T., ‘Seamless” endothelia in brain
capillaries during development of the rat’s
cerebral cortex. Brain Res.41:17-41, 1972

64) Guldner-FH, Wolff-JR., Seamless endothelia as
indicators of capillarie developed from sprouts.
Bibl Anat., 12:120-123, 1973

65) Fujimoto-K., Alkaline-phosphatase and Ca-ATase
cytochemistry of “seamless” endothelial cells in
the rat brain. Acta Histochem. Cytochem., 31:17
-23, 1998

66) Folkman-J, Haucenschile-CC, Zetter-BR., Long-

term culture of capillary endothelial cells. Proc.

Natl., Acad. Sci. USA., 76:5217-5221, 1979

67) Folkman-J, Klagsbrun-M., Angiogenic factors.
Science, 235:442-447, 1987

68) Hannah-RS, Nathaniel-E]J., The postnatal
development of blood vessels in the substance
gelantinosa of rat cervical cord — an ultrastruc
tural study., Anat. Rec., 178:691-709, 1974

69) Welt-K., Schippel-K., Schippel-G., Scheller-W., Zur
Ultrastruktur von Kapillaren im Skeletmuskel der
weissen Ratte 19. Fetaltag bis zum 2. Tag post
partum. Z. Mikrosk-Anat Forsch., 88:17-24, 1974

70) Hudlicka-O, Tyler-KR., Angiogenesis — The
growth of the vascular system. Academic Press,

London 1986



