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Ideas and technical challenges of vascularized organoid construction

SUN Ke, WANG Ting, LI Jingyi, LI Hongmei”
(School of Life Science, Beijing University of Chinese Medicine, Beijing 100029, China )

[ Abstract]  Organoids have become the preferred model for new drug development, pathological and toxicological
research, and mechanistic exploration in recent years because of their ability to maximally simulate the structure and
function of human tissues and organs in vitro. With the development of regenerative medicine technology and the gradual
advancement of organoid research, organoids lacking a vascularized microenvironment suffer from apoptosis and even tissue
necrosis in the later stage of culture because of the lack of oxygen and nutrients, making it difficult to maintain the structure
and function of the organoid in the long term. This has become a major obstacle for further application in the clinic. By
focusing on the above issues, this review summarizes the formation of blood vessels and the current construction system of
vascularized organoids in vitro, and condenses the core problems in the culture of vascularized organoids to provide new
perspectives for future research and applications.
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embryonic stem cells, hESCs ) 5% hiPSCs F1 A B & ik
N EZ 41 g ( human umbilical vein endothelial cells,
HUVECs) #5557 75— & 2% 1155 HUVECs [ fik
TS N B2 L Ak, OF BB L — Ak B B AF R M
ARECEAR LA R GE, G ST BT Y I T il 25 2% B ]
FEMRIME I I] B 3% (R 5 200 d) , B AR 114 R 25 4%
B LA O 2% AT A 2 04 10 A i R OR 1Y 2

AEMEM A NS, B 2S8 H BOR B4 A 3D 20
AR bR T 5 P R A SR 57 3D 2
B HHAH A S G R WE WG E AT
K, Ahn Z0B hiPSCs 5 S0k T K 3D 2
A5 G B 0 2 2% B L G %, il i 5% it A 1L T 1)
P, 13 KIE RIS a8 B R iRk CD31, A4
TR I A5 465 4 TR A N 2% 474, I H 335 BBB

R B MR E R H 7 R L

Table 1 Comparison of existing solutions for the preparation of vascularised organoids

KAEHAE
Organoid
classification

BUA B9 LA et 7 05 58

Existing vascularization preparation schemes

g

Deficiency

RAIIES

Solution

ki
Brain

JCIE

Heart

Ji¥

Liver

Kidney

7]

Intesine

LN

Blood vessel

(1) SARFAIR G P Bz 41 p s 351

(1) Co-culture with endothelial cells of different sources

(2) 45 3D KM HsE 3

(2) Co-culture with 3D blood vessel organoids

(3) 3t A TR PR TR R A8 B v LA R 5 Fy 4 A T2

(3)Promoting the differentiation of vascular-like structures in

organoids through endogenous factors

() FEARR BB AT | AP 2 20 T 40 S e e
HBUE R BBB

(4) Self-organization of BBB formation by human brain endothelial

cells, pericytes and astrocytes under low-adhesion conditions

(U)K JUER ML | P B2 200 6 R Co I 02T 24 200 M i B — 2 1L f81) ) 4
ENIY S

(1) Self-organization of cardiomyocytes, endothelial cells and cardiac
fibroblasts in certain proportions

(2) FEANMIAME R AN FOF 5 51015 T, A 8Um >

(2) Self-organization in response to induction of extracellular matrix
and FGF signalling

(3) CSCs Hylk ik

(3) Sphere construction from CSCs

(4)3D FTENHI ALY P 25, 5.0 IE 2 28 B 65 97 1)
(4)3D-printed constructed vascular network co-cultured with cardiac
organoids

(1) SR IR IR 9 P9 B 40 4 3 2

(1) Co-culture with endothelial cells of different sources

(2) PR AR LM T

(2) Microfluidics simulation of blood vessels
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(1) Inducing the production of vascularized organoids by modulating

relevant signaling and regulating endogenous factors
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(2) Extracellular matrix-encapsulated developing kidney organoids in a

perfusable microfluidic chip
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Addition of growth factors to the culture system to induce and maintain

blood vessels
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219,311

iPSCs-induced endothelial cells cultured in 3D environment
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(1)Due to the lack of
standardized and programmed
protocols for organoid
preparation , the
reproducibility and stability of
organoids are low, which can
only be used as short-term
research ;
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(2)Because of the lack of
dynamic perfusion process, it
is difficult to fully simulate the
real blood vessels;
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(3)Itis still  difficult to
integrate 3D vascular organoids
with other organoids;
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Ko

(4)Size and density of blood
vessel are too different from

that in vivo.
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By combining the new 3D
bioprinting technology, the
external circulation system
is constructed in vitro, the
ports are anastomosed with
the blood vessels generated
inside the organoid, and
the internal and external
circulation and metabolism
are intelligently and
visually regulated by Al
automation equipment ,
which is  expected to
develop a  vascularised
organoid with a functional
vascular  network  and

mature development.




P FE R PR AR R A 2023 4R 2 H A 33 %55 2 Chin J Comp Med, February 2023, Vol. 33,No. 2 129

(¥ WAL R ), FEARAT PTAEHE 50 d, Sun 250 [
4 hESCs W54 6 2 3D 2R A Mk 2545 5, JF A
T8 3D 2RI HAN AR E P28 FR 1, K B Ay
IR LA AR, BB S 3 LR IR 40 d R R 2R
ar B RGE R NS HR, 5 bR H N R wiEE
LR BBB 4544

bR T LL BT SR AR 5T TS MO IR 4N
JRLAAR 0 T AL A A5 A I 2R e B, A N AR K
“F(vascular endothelial growth factor, VEGF ) Jz IfiL
R WA MM 1, nT {2 3E ESCs 0] N B2 20
FfL o3 A3 7 AR S AR Y 4 2R [R] B 34 R 8 5% 2 A
EAVI SR EZE N 0 BN NIV SR T S - a = W sN [ TV
ZItiER 7, Ham 559 7RSS A B MR TN
VEGF, 25351 VEGF ZEA /D IR iG #2870 i 17 150
IGO0 P B A LY A3 Ak A A i B T
TRV I 25 AG Y i 2 i B, 0 e 5 L S0k 1 3%
gE - N ETS Z84K 2 (human ETS variant 2, hETV2)
e S R 5 N LA P e 2400 L F) T i s B2 A OG | Cakie
PO T — R R K hETV2 B9 R IR G T 40 i,
PRI A0 3 AR R 148 3 I N R SR I 2R 28
IFFRBBHIEE A ME R s 5N 40
Fo PR 045 BBB FU4FAIE

BBB FE 1 JE B N A R R R A
AT, i DR R0 LY A0 B =2 T ) — e g B e 2 A
ASHRIRFRR, 4G M RGNS, A
rp gl 3R BBB SRR B ORI X H AT,
Hatherell 255! 38 53 {# ] Trans-well 3 4t 3k #5
BBB, P B 4t A AR TOURE || B2 i o 40 e o A
JERRIE AL 15 5%, SR J5 5 J6 4 i I AR SR f b B
BRI R A 35 5 2 kb 58 R LT, )
P BBB = 4 /K AN A5 Y, Bergmann Z£Y il 5K
TSRS B 3% 7 52 M N B AR B JE Al
IR G T A L ARG Rt B 1 081 1 e g 3 ml e
2~3 d PEH F 3L BBB BRIk, JF Hoal A
A BEERER FazEn 2RSS BBB A9t
IR,
2.2 DERFENMLELHR

DR A E, EE W 4 D 4 DR
LA R 5 AR ORI AE 44 18, 1 B8 A It ¥ 4 7 by ) 2% 0
ARBIIKORIE, [F] FCo It 02 22 A0 L A%, 32 2 A4
O JULER L o JEE ol 7 24 40 I 57 1 3 L 40 6 A
B 2 TR UM USSR RE A I R AR O E
KAVE WY IT R 218, 5 H 4540 19 52 2 VA

%o (1) Filippo Buono %5 B ¥R = /i 5510 7
2, BICKEAS [R) A iy o0 JUL A B L N O JUE 80 A8 P9 B2
20 NN JIEE BT 24 20 7 BP0 B T A R 3
15 20 A SRR Le R O IE SR AR FE RS IR 1Y AR
21 KWERIA B HAR R o B BRIE 85 M i, 2
IR I A4 1 P JF HOATAR B8 280 e Y
AR E By BOW BAR M 55 95 07 R AT R . %7
ZARAETTE , A0 O 2R &8 B BAT m I e 1, B
AT S, SN B O AE BRI 2 5. (2)
YT AT 4 40 A= 4K KL F- (fibroblast growth factor,
Fef) 4 FEL 5 20K 4% 25 1 0 40 it AP B 7 2 B A=
FGIE & B P BEAE FH, Lee 500 080k H /L
ESCs BHUIMARE FRAE & A Fafd Fiar SERY BRI AL Z
Kk A —NERE S Es =8 b R
10 d J5 LB B 20 I = 45 1 O IESE 4 B
TR, A I R AW AR AT o, O 2R IE iR O IE Y AH
FHEHANGEH . (3) Han 552N ) %5 B2 (1.0 J0E T
MM ( cardiac stem cells, CSCs ) #&FhTE K FH 2 1L
Mo, 15 9% 3 d Ji, 5 CSCs A, T LAY CSCs BR {4
ELAG TSR 1% 43 W6 ) e A0 LA AR 231k R 0 DA S
o PO JULEH LA DG A7 35 9 1 36, B 3D 3R 13 43
FR B A BRI, A BRI O LR A B 1Y
AR A AR A, TR RO IUE R
2.3 HERERNODELHAR

JHF S AR B R 1) S B PR M, el T AS [ i
REC TR 4 L SIS 2R A o, B A 20 M IEL T R A
(R4S 4HY) | R0 Kupffer 20 9 AL 52 9 2 40
J, LR PR AT 8 7% 2 A2 Wy A 0 BR A A
RGP A K AF S 0 N AR R s o A
B AS 55 2 U AR 4EFFLIARR S PR
BRI AT 58 B 0 2 5 A [8] 1 P e 40 ff At 3%
Ft, 2013 4F, Takebe 55 fERSMHE hiPSCs - IE
BRI 2 415 HUVECs | B 885 5 9 (8] 72
T4 55 5% DL B HLUE B A = 4ECIR 451
P28 AR 2/ NEUA N 48 h 5 WLEE I B i 1 JIT 26
L4555 1 2 9 1048 A L 3% 4, 2 B 2 B A2 i A8 )
ZRAETE T 2E Y R, BE B P AT 20 I A 1 B A A
BRI 2 A A5 IR S D RE, X 25—
ZAE T 40 Mg vh ™ A= Dy Be P IR A B R B O
Pettinato 521K UG D7 (0L P9 40 5 hiPSCs
BRI B ARIE B 1 2 3 19 He B 335 3508
4 RE 40 Y ( hepatoeyte-like cells, HLCs ) , 5 B
hiPSCs 55400 Y HLCs AH [t , B4 058 e i JH 2



130 rpE LA R AR 2023 4F 2 A 33 5B 2 9] Chin J Comp Med, February 2023, Vol. 33,No. 2

RE IV 25 (9 TP A G PR AN 1, [RI hiPSCs 4346 R
HLCs FYRE I AR IS =7, Al il A2 i RO e )
3K, JHAHAIAE (liver progenitor cells, LPCs ) {3 T JHiE
B, B A T A A IE A 4 Y X A3 BE
PANENDS I L S R S s L 51 S |
A 15 BE L lb AR 9 T I 52 P B2 4 B ( liver sinusoidal
endothelial cells, LSECs) , i[53/ & B FIH2E , Yap
S PEGIERE SR T % K /N LPCs 5/ U LSECs 4%
HRL = 1 B HBIAERE IR M iy s AR a B B T
FEA A IS 2R G, () A6, 25 JHSi2 J5 40 L R EL A8 4 i
2.4 BERH|EHMELFR

' 3 e A PRV A L R R
WL DIRE e Rp LR B A BRAR S . S H AR
FREE, B2 B A AR RS, B e B i 2
R PN B AR A4S, DR 1 B A DE W R 7 R AR B
DIRERIIE 3 4%, 18 K& 1Y 50 A i HH 20
HRLAFEAE | PRLHCTE B 26 4 B A 35 35 v P B 4 )
FEAE AH B Z THRE M A W25 ITE . %5 T N2k
T4} ( human pluripotent stem cells, hPSCs) 1i7 4= #9
PR ERENS R W VEGF, Low 26 ZE AN
HNIEYE VEGFA BYZEAF TR |l X WNT 5544 1
AT AR R T A B NI Nk 5 I
Ui B /N 8 AF X L 9] T R 4 50 g A R T
VEGFA 7K F, 755 hPSCs 4k I & 4k 3D 2
AR R W] L A0 o WY VEGFA RE RS 4%
B kT 40 B0 o A AE A0 A 1 Sy B R A R P B
) OISR (| K= I
2.5 BEFENOEUHR

i ieda NS Hd 1T 2= ATT TR AR WL sh Wy Ry
W45 N R F B =38 53, B A Wl
AT S5 TNRE , H 2009 4F Hans Clevers %% 3 BA
BRI /N LGRS /M T 4 AR AR SN 5 55 1 /N
REGE DOk, W iE A B ALYz N i
FASCBEATRI T U, (H A 135 35 05 RIF A RE e 2
MG NZE IR T8 19 52 4P . Holloway %5 7 F
U I hPSCs 55 70 A6 1Y i 1 26 2% B 76 - 01 B
Bros A 1 IR PN B A 400 i T 3 IR ) A HE RS
HoB S M s /b, o 1 eI ] 9 4 47 1 i
PN B2 AR ) A3, WF 3 O AT T R e ARk
R A 2 B2 2 K I F (epidermal growth factor,
EGF) . VEGF, Fef2, & £ & & 4 % H ( bone
morphogenetic protein, BMP ) 4 25175 5 Fl 4 37 11L& 19
AR BT LLFE S hPSCs 3468 1 1M 48 1k 1Y /N 26

TE AR SEAE BT R R AR R o 4
LIRS ipezdN
2.6 IDXMESLBENMEHAR

FEARZ PR 2 T IS 95 78 2 5 S04l 21 Gl
M4, R E B I R AE 2 —, MR T BUR H
IBET-, BLIY BE AR 43 I fE 28 38 5 0 F l HUJ2:
VI — A A RELE A, FE = R KR 2D
S A A HE AR 1 S B AE A P o8 Y I A 4
P AT 0 B R RE , o AS BE TG A 00 B T 0 7 R
T, 958 B S HE K 2% Wimmer L3]Sl
iPSCs 5343 AL 0 1487 PN K A L Bt JS 7 3D BREE v
ARSEREFR R A AT 540 0] 5 19 2D 40208 i)
HAZRIMASEEH 1 3D 1M 20, o I8l 16
iPSCs WIS o0 3D IS, X228 48 6 &% N
AR 20 R R R A i A N 4%, L F AR Ay KT b
5O A i A5 AH oL, O 22 B Al B0/ BRAR N R KR
B, X BE A BB & R B AN LA | KR
Sk SERE LA R G, 1T LA FE o AEADL 2 i 48 1Y)
S5K ST, T R LE B BB P B 3 e 2 i 4
L REAS H 5 1500 BB 3 1) 1007 R 2 B AR 5 AR AR AE
XM 1IN WAL IE H 5 B OO
ARBE, R I A G AR T A A AR A Y

3 ETRmRENDEXEB[ERARMLL

Bl 75 B AR 20 PSS 28 B I R R A 1 i A8
RIS E5 B AR 7 58 1 e o 0 v 2 % ke, H AL
BRI B & R E B TR TR P R
AL IR BRI, SR, FH T 5 35 00 P 2 40 K
A3t = 5 HC Al A 41 B AR VR A RE AT, XE L i
FIUH T P9 9 1 400 5 3 P61 2400 e ) B 7 FE B AR
RHUHIIEFE 5 oAb, A FE A5 B 1) P 1 240 e, wfE LATE
i H 22 ol A A B ) 5 B 1) IS A5 4 , I L= )
ARG 77 , TR AL P i 3 %o 1 A8 A ok
WL 8 F1 4 0 R B AR, 7 b R A R
ORI EMIEEARNE KA — W EEMZE B
FEAERGFR T 28 30K | LA fe B0 56 [ AL, 4% 1 A8 1k
FEAE R IR AR AL AR T RRER . A
HAEH iPSCs 1oL BY.ONEZEE B D 38 3D 4T
B AR IS 28 4T EP LT R s O 2R 4
A SBR[ 7 (R L 4 0 5 1k 9 40 AR
P2z, TR i — 2 AR

BTG, A B A AR A AR 3D
el 5 HALK A E LR TR, Ahn 500K 3D 2l



P FE R PR AR R A 2023 4R 2 H A 33 %55 2 Chin J Comp Med, February 2023, Vol. 33,No. 2 131

A s R A B 5 ORI B I 2 g B AL AR R B 3D
J8 A 7 A 1 I A A0 P BB 2 I 2R R, TE A
ZRR SR I A R 45, I ] K ZEHE s Sun %504 3D
A RS A8 B LR IR WAL A 5 i 412
RIMA LT BBB 45+, H7E HETAAF5EH,3D
AR T 5 il e B R T 3% O v Rk
AT MBRHE TR A AF 5T, -t LRS00 0t 4 B 55, [ i
A R E (U35 3D K4 ) iR 3t #e v,
AT PRI B IR R 2, ] TR MR AR A8 BT A G A
Bk &R e, WA TR IR 237 A2 B9 3D 28 1 4 A H Al
BANE A A — 2 MR, 5 Z i — 2 R
., MRS R R BEAE AL S A L, It i
AR5 3D KB LS G, A M 454 1 3Lk L, 5
DIVEEIRE , 70 /A5 400 B0 S 4 IV 7, S iR )
BRI R A E, ORI AR R4 TR W)
2 BRARAE 2RO — IR F R R W g AR AR
W 2 5 AT 2 AR R R AT AR A OR RH S
J b B RAE AR I el S8 s SR R b Ak
T M 5 ZORS R I L L S A B TR
I35 1 SN R N { X @ T b i b M e € d 410 =
G ATSEURARL b2 BB R 40 M A 3 T R A
Hefi . L TROR TS £ =M S LA RS,
AV RV LR IR PN R AR A4 (i 2k 22 R A
DR (4 43 6 5 88, S B E AN [ 9 5 T 4 [ st
Ui, FEATIEALLAAC A 18 AN (] 28 280 16 45 RN A (] 26 B8
BRACUE T IS HP A I S SRR A, 5 S PR A R 4
U R Y

HEHAT, O EE T T RS E SR
BEHEAME SR (1) BRGEPMENEET
FERR A 75 o 32 B FR, TKE Homan 280 Bl 410
AN B A & B 0 B A B T T
P A b R AR BT P B R B,
BLTIAE s EL AT R A S R A T O T A Y 2
TE, SRR IEAR B, 0 8 3R B0 A AR 2R
B ELAT 22 A JE AR A N XS A A
A A AR PR 2k, B T I A B ) ) R A4
B R B ML R R R L (2) 8 T A d s
T A LR S A AR 78 o w24 7 S5 AT I 2
A, AR 0 2 7 SR T IR 3R IR AR R i A P Bz B
Y1710 HUVECs SRBUL L4 , 38 12 3 0 42 4 AR B
MR S A EE , I 45 & 3D FTENE Aty ¢
L1 G S Btk , B Dbt H ) R 1t A A A TR 2K
PR IT HOE AR 3 BRI AL 25 1 55

PO T O ER 0 SRR A, S 2 W 1 v O
e AR b FE, (3) M EEELAEN I T RO
TR E R EE N 100 wm 58 4 0. 079 ~ 0. 593
mm [ 3D A BARY R E &Y 5Kk SR i,
I3 SRR | ELAR AN 2 5 45 1M A8 R AIE , T HLA 10%
GREL AN ML S A Fr v, 48 5 SO IO I 3 1
BAEGE, AT W5 3 1 WY Tt 2 43 A BE & I A8 YR
40 A R K AR AR A W R 2 R IE  R
3K, (4) Ronaldson-Bouchard 27" JF & T — Fh B4
R R BB 8 R 2 8 B S, K
BN R | RN R K 20 2803 3o i 4 O B
FIVE P G2 A AR 3% | 7R SD 80 1 RH B AR 1Y 25
HIRE.

4 MEALRFIEFENRESRE

AR B A 1 — B P AR B A S AT 5 Y
P ST, R T AR Ok TS B RS HAK
SRAHR 4 SR TR BUAE AE . (1) 1K Fh Y 40 i &R 4
HUVECs KSR 3Z H T 1l 45 {58, HUVECs % T
AOPH REASAR R , A2 048 Ak R Y 1 3, fH R AR A
B 20 % SR U5 B, L ME DL S 48 B I s S b A
FA B A5 B4 £ B2 Sl 1 0 1ML 85 Ak 26 4% B AR AL o A
G T A TR AR B A BRI 5 (2) BAR AT E i o 4E
T REARM RN K BERA W
ZEp I AE A RE A RUST R 5 4 PR 19 i A 45 ) A
ZERER I H R RRAE R IO Y, e e M K
PEIT AR B = W G PR R TR, BT L
WA, Al A 25 A R 3D A AT BB R IR A
MBI RS, 5IEAE PR A LAY i A S5 B s
Gl AL H Sk e 5 SN SN IR AR
REfb  TOLIL I 45, A BRI &t B AT ) B I I A
% KRB B I LA R, B iR E B 20 &
Al AR

S k.

[ 1] Simian M, Bissell MJ. Organoids: a historical perspective of
thinking in three dimensions [J]. J Cell Biol, 2017, 216(1) :
31-40.

[2] BvK. RESEAESEBAAGE NN HETR [J]. SE8H,
2022, 13(2): 169-175.

[ 3] Schutgens F, Clevers H. Human organoids; tools for

understanding biology and treating diseases [ J]. Annu Rev
Pathol, 2020, 15. 211-234.

[ 4] Vargas-Valderrama A, Messina A, Mitjavila-Garcia MT, et al.

The endothelium, a key actor in organ development and hPSC-



132

v AR PR 2R A R 2023 4E 2 HAE 33 B 2 Chin J Comp Med, February 2023, Vol. 33, No. 2

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

derived organoid vascularization [ J]. J Biomed Sei, 2020, 27
(1) 67.
Tuckermann J, Adams RH. The endothelium-bone axis in
development, homeostasis and bone and joint disease.

INUTH. A 0 K R PR A R A 410 ol 3R X i B il R 75 1
BN [D]. dbat. dEstPRRIEE B, 2020.

Chung AS,

Developmental and pathological

Annu Rev Cell Dev Biol, 2011, 27; 563

Ferrara N.
angiogenesis [ ] |.
-584.

Lammert E, Cleaver O, Melton D. Induction of pancreatic
differentiation by signals from blood vessels [ J]. Science, 2001,
294(5542) . 564-567.

Matsumoto K, Yoshitomi H, Rossant J, et al. Liver
organogenesis promoted by endothelial cells prior to vascular
function [J]. Science, 2001, 294(5542) : 559-563.

Lange C, Turrero Garcia M, Decimo I, et al. Relief of hypoxia
by angiogenesis promotes neural stem cell differentiation by
targeting elycolysis [ J]. EMBO J, 2016, 35(9) : 924-941.
Segarra M, Aburto MR, Cop F, et al. Endothelial Dabl
signaling orchestrates neuro-glia-vessel communication in the
central nervous system [ J]. Science, 2018, 361 ( 6404 ).
eaa02861.

TPERE, TE. KEE AP BRI N T 5 R
[J]. diemEEZhgas, 2022, 37(2) : 586-589.

Lancaster MA, Renner M, Martin CA, et al. Cerebral organoids
model human brain development and microcephaly [ J]. Nature,
2013, 501(7467) . 373-379.

Rauth S, Karmakar S, Batra SK. Recent advances in organoid
development and applications in disease modeling [ J]. Biochim
Biophys Acta Rev Cancer, 2021, 1875(2) . 188527.

Shi Y, Sun L, Wang M, et al. Vascularized human cortical
organoids ( vOrganoids) model cortical development in vivo [ J].
PLoS Biol, 2020, 18(5) : €3000705.

Mansour AA, Gongalves JT, Bloyd CW, et al. Erratum: an in
vivo model of functional and vascularized human brain organoids
[J]. Nat Biotechnol, 2018, 36(8): 772.

van den Berg CW, Ritsma L, Avramut MC, et al. Renal
subcapsular transplantation of PSC-derived kidney organoids
induces neo-vasculogenesis and significant glomerular and tubular
maturation in vivo [ J]. Stem Cell Reports, 2018, 10(3) : 751~
765.

Watson CL., Mahe MM, Minera J, et al. An in vivo model of
human small intestine using pluripotent stem cells [ J]. Nat
Med, 2014, 20(11) . 1310-1314.

Ahn Y, An JH, Yang HJ, et al. Human blood vessel organoids
penetrate human cerebral organoids and form a vessel-like system
[J]. Cells, 2021, 10(8) : 2036.

Cakir B, Xiang Y, Tanaka Y, et al. Engineering of human brain
organoids with a functional vascular-like system [ J]. Nat
Methods, 2019, 16(11): 1169-1175.
Bergmann S, Lawler SE, Qu Y, et al. Blood-brain-barrier

organoids for investigating the permeability of CNS therapeutics

[22]

(23]

[24]

[27]

(28]

[29]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[J]. Nat Protoc, 2018, 13(12); 2827-2843.

Filippo Buono M, von Boehmer L, Strang J, et al. Human
cardiac organoids for modeling genetic cardiomyopathy [ J].
Cells, 2020, 9(7) . 1733.

Lee J, Sutani A, Kaneko R, et al. In vitro generation of
functional murine heart organoids via FGF, and extracellular
matrix [ J]. Nat Commun, 2020, 11(1); 4283.

Han MA, Jeon JH, Shin JY, et al. Intramyocardial delivery of
human cardiac stem cell spheroids with enhanced cell engraftment
ability and cardiomyogenic potential for myocardial infarct repair
[J]. J Control Release, 2021, 336: 499-509.

Skylar-Scott MA, Uzel SGM, Nam LL, et al. Biomanufacturing
of organ-specific tissues with high cellular density and embedded
vascular channels [ J]. Sci Adv, 2019, 5(9) : eaaw2459.
Takebe T, Sekine K, Enomura M, et al. Vascularized and
functional human liver from an iPSC-derived organ bud transplant
[J]. Nature, 2013, 499(7459) . 481-484.

SRUEF, AR, T, 5. BT A 9TEN 3D A0l i 5
SRR E TSR 2 2 T [T]. RIS,
2021, 19(11): 2304-2310.

Low JH, Li P, Chew EGY, et al. Generation of human PSC-
derived kidney organoids with patterned nephron segments and a
de novo vascular network [ J]. Cell Stem Cell, 2019, 25(3) .
373-387.
Homan KA, Gupta N, Kroll KT, et al. Flow-enhanced
vascularization and maturation of kidney organoids in vitro [J].
Nat Methods, 2019, 16(3) : 255-262.

Holloway EM, Wu JH, Czerwinski M, et al. Differentiation of
human intestinal organoids with endogenous vascular endothelial
cells [J]. Dev Cell, 2020, 54(4) . 516-528.

Wimmer RA, Leopoldi A, Aichinger M, et al. Human blood
vessel organoids as a model of diabetic vasculopathy [ J].
Nature, 2019, 565(7740) : 505-510.

Paredes I, Himmels P, Ruiz de Almod6var C. Neurovascular
communication during CNS development [ J]. Dev Cell, 2018,
45(1) . 10-32.

Bautch VL,
beginning of a beautiful friendship [ J]. Cell Adh Migr, 2009, 3
(2): 199-204.

Pham MT, Pollock KM, Rose MD, et al. Generation of human
Neuroreport, 2018, 29(7):

James JM. Neurovascular development: the

vascularized brain organoids [ J].
588-593.

Sun XY, Ju XC, Li Y, et al. Generation of vascularized brain
organoids to study neurovascular interactions [ J]. ELife, 2022,
11; e76707.

Rosenstein JM, Krum JM, Ruhrberg C. VEGF in the nervous
system [ J]. Organogenesis, 2010, 6(2); 107-114.

Gimond C, Marchetti S, Pages G. Differentiation of mouse
embryonic stem cells into endothelial cells: genetic selection and
potential use in vivo [ J]. Methods Mol Biol, 2006, 330; 303
-329.

Ham O, Jin YB, Kim J, et al. Blood vessel formation in cerebral



P FE R PR AR R A 2023 4R 2 H A 33 %55 2 Chin J Comp Med, February 2023, Vol. 33,No. 2 133

organoids formed from human embryonic stem cells [ J]. Biochem [45] Yap KK, Gerrand YW, Dingle AM, et al. Liver sinusoidal

Biophys Res Commun, 2020, 521(1); 84-90. endothelial cells promote the differentiation and survival of mouse
[39] Hatherell K, Couraud PO, Romero IA, et al. Development of a vascularised hepatobiliary organoids [ J]. Biomaterials, 2020,

three-dimensional, all-human in vitro model of the blood-brain 251 120091.

barrier using mono-, co-, and tri-cultivation Transwell models [46] Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells

[J]. J Neurosci Methods, 2011, 199(2) ; 223-229. build crypt-villus structures in vitro without a mesenchymal niche
(407  SKTE. (0 B R A S MBORASE B 14 F el K FEAE 24 8 7 PR [J]. Nature, 2009, 459(7244) . 262-265.

WHRINIT [D]. Kt REhEZHRE, 2021. [(47] H&F, Wadh, 8, 5. M E KT T 58 T3
[41] Doll S, DreBen M, Geyer PE, et al. Region and cell-type [T]. EWHRBERE, 2021, 11(2) ; 148-154.

resolved quantitative proteomic map of the human heart [ J]. Nat [48] Omori T, Imai Y, Kikuchi K, et al. Hemodynamics in the

Commun, 2017, 8(1) . 1469. microcirculation and in microfluidics [ J]. Ann Biomed Eng,
[42] Trefts E, Gannon M, Wasserman DH. The liver [ J]. Curr Biol, 2015, 43(1): 238-257.

2017, 27(21) : R1147-R1151. (49] oML, 2t , Tk, 25T GO $a s e By fY i i 3 ) <4
[43] Pettinato G, Lehoux S, Ramanathan R, et al. Generation of fully SIS HCFE E [J]. ;Q%ﬁ?k'ﬁ%}ﬂ’ 2022, 39(2):

functional hepatocyte-like  organoids from human induced 119-123.

pluripotent stem cells mixed with endothelial cells [ J]. Sci Rep, [50] Ronaldson-Bouchard K, Teles D, Yeager K, et al. A multi-organ

2019, 9(1) : 8920. chip with matured tissue niches linked by vascular flow [ J]. Nat
[44] Pepe-Mooney BJ, Dill MT, Alemany A, et al. Single-cell Biomed Eng, 2022, 6(4) . 351-371.

analysis of the liver epithelium reveals dynamic heterogeneity and
an essential role for YAP in homeostasis and regeneration [ J]. (W#s HH#A)2022-06-22
Cell Stem Cell, 2019, 25(1) ; 23-38.

INR B Sk & JB) BBl 7R B 7E 5B K BB T ik 60 F0 {8 37 O A (5] 4 A3 4R iE

RIS T Pt K BUHE B 2 B 2k 0 (flight ) BRABEST ( freezing ) A SG K BT T A, %45 M B4 5 i Sk
A JE K ( periaqueductal gray, PAG) A&, HAT, Ml PAG (dorsal PAG, dPAG ) X3 B4R B HIA T Ay () #f
2 Yt BIL] i T 2 — DR

MG R A R BGE I Y Looming FIRLHLL K EL 4501 1Y sweeping PR 5t 1 3 Ve =35 5 C57BL/6 /)N
SO RAEBH AT A, 04 4xd IR BESIREA dPAG 10 5/ N U= AR B A T R 2055 ARSI sh A
H1 A7 (spike ) AR R HLAZ (Tocal field potential , LEP ) Hh 43l B HORT 347 W5 b B B4 T o ) A 28 GBS R AIE . 445
SRR, dPAG TE C57 /IN b FlFIES 7 B P 28 755 A A ORI G A R E AN [+« 36 BRAT Sy PO AR ST A7 Sy 4 s 1) B 3R B
L, H6 BT APAG 1Y Spike A 2 Ty, MBS AT (0 ) b 25 T B8 5 (A0 IR B 40047 19 dPAG #4230
L LR 91 ) I (] B (Inter Spike Interval , ISI) 7341 26 5 2R BUAE 2~ 10 ms N, HKHAT o T1E
SEATH . PAFIBEEAT R dPAG Y LFP 25 5 EZAEHAE theta J1H7 , Pk Bi 74 8 ~ 10 Hz, MiESL A7 NI HE
6~8 Hz, [FlZ ISR AA) E A ) A 0 26 22 B, 1k B VB 7. B dPAG theta 5T ) ki 1) R 00 2% 142 422 2% P b 2%
B

L5 L RTIR TR R 175 5 0 AR 25 1 /)N BRI BB B ATy R v A AR SCHEVE . Looming
WU R BGA T, 175 A/ B ZL A 2R 0™ A T AR R B A7 5 T Sweeeping HIUBTL R Bt , 3134
AHXS 4855 AT REVS A BN AT 4878 T /N dPAG 7RG RBYETE A i K b B AME ST AT PP e g LA, Tk 52
T RMERZ AL S AT R R b ) R A AR

AT R & 36 T ship AR A 5 5206 25 2 (9 30) YW (Animal Models and Experimental Medicine , 2022,
5(6) :491-501; https: //doi. org/ 10. 1002/ame2. 12276)



