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Rieko Asai*, Yukiko Kurihara, Kou
Fujisawa, Takahiro Sato, Yumiko
Kawamura, Sachiko Mivagawa-Tomita,
Hiroki Kurihara. “Endothelin receptor
type-A expression defines a distinct
subdomain within the heart field and
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Netherland Plaza ( Cincinnati,
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TV REY VARBRBGEF2ZREAT S 0OEMROBEICET 5%
s EE Bl h— FERKRFRZEREZRHER B

HaEEE

AWFFEIT BT, ETAR BEAIL OB REARIT 21T > 7=, ETAR FE.0 5 4
fa 73, DFRERE THARE D BT L TUEHRLLEBIZHT 5 M
B2 MR Z R 2 & BT 7 F iz k3 ERK &ML 24 L CHIHd
DLIBFRIZCFES T 52 & MIBEEROTE L L EEET 5 AR S
DI EPHLNIRY KIFRHABOEEZREB LD L LI, LI
REDADN=AL5HBBETILETHLEERMRAR L -7, &Hiz, ETAR
IR, LEFRAERCERE L TWAZ LALLM,
RABRIZET 20505 A1L, ETAR BEFE~D ) v 7 4210 &
DHRBET NI U ADWS LRITZEITO) ECTRARDERTHS L &
HIT, AR RIS IT DHIRREDORE ZMBAT T 2EERY - S,

A. BHFZEER

AT, ADINETIToCELZT L FE
Uy A ZEEBIETE (ETAR) 28 L4535 =
YT B EEED E Y bR
(Recombinase-mediated cassette exchange:
RMCE) Z B e~ U R BIRERMFIE L LB L L
T, LB LOEEHMAICIT D ETAR F B EE
ZFRHT U, ETAR BEARAR DR A ZAZRE 2 S
PIZTDHELEBIT, FEET L~ XERICE
LR HERERYET AL ZEEL TS,

B. #EFE

1. EFHE~T R

ETAR-lacZ, ETAR-EGFP <~ 2%, EE#RD@EY
Jarevr—EBEEEIE Y bag# (RMCE) %
MAWTHER L, Bis, ETARR EFHE2r Y
ZERA lox B (loxT1, 1ox2272) THeA
7Z neomycin MitEERT % EA L 7= ES MRt
L., ERREER lox I+ 585 (1ox66,
10x2272) THeA 72 lacl, EGFP E=TFMrH+hn
EThZELT7AI F2BERBILETHEALT
Cre Varbvr—EBEBEFE2ELTT /) 740
A7 % — (AxCANCre) #/EYe=wT lox ALFI
IZHEEAL 28 2 2t - X8, M AE{EF% ETAR
BIEFEIZ ) v 74 L= ES fifatk % B, =
NOXVXAT T RAEERL, EFEMIERS
WERELIEXATOREIY ) w4 v R
5T,

~ U ATXRE 23+£2° C, 1BE 50-60%. 12 B
MEOHAREY A 7L TIZEBT L, ERICHELT,
ERIIRERFEHMERBAACAY | "R KE

EFRMERBMERZERANCTLIVEARSI L
EBRHEOL L TTbh,

2. B-HZ7 7 b F—FYREIZLS lacl ¥R
FmA o ATARAL

B-HZ 7 b F—EOEMIL, £REEREA
FLERERFBEODARFELRIZEB W T, X-gal
(5-bromo-4-chloro-3-indoyl B
-D-galactosidase) #EE L L =% ARSI X
DR L7,

3. in situng 7V EFAL -3
EREEREAELITIERBORFERIZB N T,
digoxigenin THE# L7~ RNA 7 u—7 % FH W\ T
BEOFETIT- -,

4. REYRE
FREGAERIZBONT, —RAKRIGHBIC2L
FxF—¥, FINC, A4AF L TEH L K
iR E RIS, EAFEERRBERIGITE - T
ARE L7z,

5. WCAFERIC L AHEO A KA

~ 7 ARRAE 8. 25 BRI LA RREEIZS LT,
#aE PKH6T (F%) F7/21% PKH26 (FR) %~
Ar7afryxyvarliz, #0%, DMEN/F2
+50%7 > M MIEFAE T CRERREE S 30 FFETT
VW, Bt E KRB M8 (Leica MZFLIII
stereomicroscope+Hamamatsu digital camera
C4742-95) THEEL:,
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6. EGFP REMATDOBAEIZ L 2 MBI RE DARAT
~ U AR 8. 25 BIEDLFAR EGFP S IR4EE,
KVMBEAZTIYHL, —HMoERTITE LA
% SYT016 THIfZ 5~ L Li=1%, [F U3 A ERp
D~y ARDOFRABEIBRICBHE LTz, TREEL
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~MIEFET T KEEFIREE (5% C02. 95% N2)
T2 PSR L. 6 LRBICEELT:,

C. ERER

ETAR-lacZ %721% ETAR-EGFP /v 27 4 v =W
A AWT, KFFEOZERMAILTH 5 ETAR R
DM DL B RE BT L
ETAR-lacZ/EGFP ZEHMIX, ~ 7 % E§. 0 HAE
DLBREBEACB N TRIICED b, s
DR I DR A B O ERICBEL T
710 TDOFEBL, insitund 7TV EALFP— 3

VX BDETMREETORBEANEZ—LI12IE—%
LTHY, NEMETAR ODRBRE KT 5 L &%
b, ZOMBORBIT, — KR OETEER
v —A—T&® 5 Nkx2.5 * Mlc2a DFRBEKD —
e —FLTWiER, ZKROBTEES~—D
—Td»5 Isll LiIxEZR ST, ETAR-lacZ/EGFP
FEHEMAIT - RO T EERICE Eh 3 Hae
MThdeELZON, DA—FHRIIT]
ETAR-1acZ/EGFP %ﬁ%ﬂiﬂ@ IXEREBEN S EDLE
BRI T TREIZIN - THA L, TR R
L:&i%@%éﬁbi&u%krﬁ:u}%\ S HIZEDLE
D —EBIZ A - 77,

Y= —BEBETFREAOBRENET NS, LI
FERHIEIZ 1T % ETAR-1acZ/EGFP S5 ER40pE 1T
TABIZAE U TR LE~ DA — 7RI
ﬁ«%ﬁ#é%@ﬁ&%i%htoit\ﬁﬁ
REDOFERI S, ETAR-1acZ/EGFP 38 BL40M 1% 0
ERLEOIEELHIZHIEL TN Z AR
niz, MEABEZIERT L0, (1) #ra®E
BRI X DMARBER, (i) EGFP R ILMMBALIC
LOBNRERENT 21T o7z, ZDFER, ES. 25 AL
AR ETAR-lacZ/EGFP 3 IRAEIRIC 8 YerEak L
TeHmais, 30 KRtk o822 ETAR-1acZ/EGFP
EHRENE— VRO GHRE = RRDENS
Z L. AEEROBAEIC X - T EGFP B0 L£
u%«@Aﬁm WO BB DITH L, DN H B,
DREEEL, BE M2 B AT A Xt R

TR D 5 7Fﬁ73= L ONSY (W Nl i Y S
MR D B ~DOBE N R N E — %
FERLTWAZ EREHENT,

—75. ETAR REBFEDO —EH TIZLEOIEEAE.
DFFIZ I 2 HEFEIE R X O EE B R F Thxb D%

BIETHAROGI, IO LEFEREOERE T ETAR
VIFNMTERK OV VEBb L ELE—H —
Thxh OEBERBEL TWBHZ &, Thxh DFIH I
MEK FAERIZ L > THHI ENZZ L BREBIH
72, Tbxb X Holt-Oram fFEMERE DO R B EF Th
. DIBERIZBWTEERGEERFTH S,
INOLDRERNML, ETARV 7 FVIZERK DY o~
BRbZ T LT, L ApAEAREEFESC Thx5 12 X B3
FRIZEHEE L TWS Z LA RBRENE,

D. B%&

DIIZ 31T 5 ETAR BEBMARIZ, IO K
~ KM EEBEIZF ST 5 DI R IEME & |
DELBHBEBEOELZLFD 222K &30,
AWM TIIBEBIZEL, LIBFEROIE S+
DEEJR & 72 B Ak L BifE % lacZ/EGFP /) v 7 o
VI U A EHRAWTHL ™ML E,
ETAR-1acZ/EGFP & BLHH AR 1X — vk O i T & 5 35k
D—E L L TLMABDOIRE LI-EIRICHR S
. :uzlz~7°}bﬁ}i;@ X, ERIEED S ELEE
BAZ T TRBIZIHR > THRT D &5 B %
AU, MEERBICIIZORBIZIAELE L
LB, EHICAELEO—EIZEN 7=, 2D
IREFH OFBR DL < 1X, RO EEEE B S o
m&gﬁﬁm&%TMM%%ﬁ#5;5 272
TeeBE2bND, KBTI BB S Z
—rifRBEBIIINETHRESR TRV
DTHLHD, MAKIZBITAMBEOHRL LT
T 5 MBEBE O ML, FEAEYIEI OB EE R
DKL BEREEREAE -HLTBY ., #ME
BRER~OFEENREZ NS, EEE. ETAR @
BEOUHORANRY — [T — 2 A —H —Hifa
DB THDLKF ¥ FNVEa— N34 5HN #EE
FORFANZ— LI ~HKLTEBY, REZ
DREEIZ DWW THRITZ2ED TV 35,

EMR%%M@@ﬁWﬁ%\ﬁmim%m@+

B HAESITIX, DEBREMIERIZKIT A
Egﬁumi\xﬁ%@¢bﬁb5MMA®%
BRI X DBEMIT 217> LT, BERIFREE
i se&E32x6N5,

E. %

KIFFRIZBN T, RFFEDOEA ML TH S ETAR
FEBLHMIE, LEAGRRE THRAKLS LT
L TLEFHLOLEMHICHT 2 BEA 22 4R
LETRT L, ET 7z X5 ERK & L %
F LT O LIBERICEST 52 L 2l 65
WL, ZTOREIX, LIEZRIZKITS miRNA
RERMBRIZLDEBET T VOMS & BITICE
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Kitazawa T, Sato T, Nishivama K, Asai
R, Arima Y, Uchijima Y, Kurihara Y,
Kurihara H. Identification and
developmental analysis of endothelin
receptor tvpe-A expressingcells in the
mouse kidney. Gene Expr Patterns. (in
press)

Tonami K, Kurihara Y, Arima S,
Nishiyvama K, Uchijima Y, Asano T,
Sorimachi H,  Kurihara H  (2011).

Calpain 6, a microtubule-stabilizing
protein, regulates Racl activity and
cell motility through interaction with
GEF-H1. T Cell Sci. 124, 1214-1223.

Kawamura Y, Uchijima Y, Horike N,
Tonami K, Nishivama K, Amano T, Asano
T, Kurihara Y, Kurihara H. (2010).
Sirt3 protects in vitro-fertilized
mouse preimplantation embryos against
oxidative stress-induced ph3-mediated
developmental arrest. J Clin Invest.
120, 2817-2828.

Asai R, Kurihara Y, Fujisawa K, Sato T
Kawamura Y, Kokubo H, Tonami K
Nishivama K, Uchijima Y
Mivagawa-Tomita S, Kurihara H. (2010).
Endothelin receptor type-A expression
defines a distinct cardiac subdomain
within the heart field, with a later
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Development. 137, 3823-3833.

Fujimoto C, Ozeki H, Uchijima Y,
Suzukawa K, Mitani A, Fukuhara S
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lineage and FACS-array analysis
focused on the regional specificity of
the otocyst. J Comp Neurol. 18,
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Yukiko Kurihara%, Yasunobu Uchijima,
Takahiro Sato, Kou Fujisawa, Sakura
Kushivama, Rieko  Asai, Koichi
Nishivama, Hiroki Kurihara.

" Non-cording RNA regulation of
endothelin signaling in branchial arch
development” (O7{#) Gordon Research
Conference Craniofacial Morphogenesis
& Tissue Regeneration 201044 A 13 A
Il Ciocco Hotel & Resort (Lucca, Italy)

Rieko Asai*, Yukiko Kurihara, Kou
Fujisawa, Takahiro Sato, Yumiko
Kawamura, Hiroki Kokubo, Kazuo Tonani,
Koichi Nishivama, Yasunobu Uchijima,
Yumiko Saga, Sachiko Mivagawa-Tomita
and Hiroki Kurihara. “ Endothelin
type-A receplor expression delines a
distinct subdomain  within the
crescent-forming heart field
contributing to chamber myocardium”
(m#) Weinstein 2010 cardiovascular
development conference 2010
# 5 A 21 B Roval Tropical Institute
(AMSTERDAM, The Netherlands)
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Yumiko Kawamura*, Yasunobu Uchijima,

Nanao Horike, Kazuo Tonami, Koichi
Nishiyvama, Tomoichiro Asano, Yukiko
Kurihara, Hiroki Kurihara. “Sirt3, a
mitochondrial sirtuin, protects in
vitro-fertilized mouse
preimplantation embryos against

oxidative stress—induced p53-mediated
developmental arrest ” (o &)
International Symposium on “Epigenome
Network, Development and Reprogramming
of Germ Cells” 2010 & 11 A 23
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Satoshi Arima, Koichi Nishivama,
Toshiyuki Ko, Yuichiro Arima, Hiroaki
Koseki, Yasunobu Uchijima, Yukiko
Kurihara, Hiroki Kurihara. “A novel

approach toward an understanding of
angiogenesis using in vitro time-lapse
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MEAEMEFSFEHRES 2010128 1 B
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Koichi Nishisyama*, Satoshi Arimat,
Toshiyuki Ko, Yuichiro Arima, Hiroaki
Koseki, YasunobuUchijima, Yukiko
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newly identified phenomenon
“Cell-mixing” during angiogenesis”
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KFEMWMES 20008 12H 18R #HEEHX
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Yuichiro Arima*, Koichi Nishiyama,

Sachiko Mivagawa-Tomita, Satoshi Arima,

Rieko Asai, Ki-Sung Kim
YasunobuUchijima, Yukiko Kurihara,
Hisao Ogawa, Hiroki Kurihara.

Coronary artery anomalies in
Endothelin-1 and Endothelin A type
receptor knock out mice.” (H&R%Z—)

B 18 BAAMEAYMEZRSFHES 2010
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Koichi
Hiroki Kurihara.
angiogenesis:

Nishiyama*, Satoshi Arima,
“Novel insight into
In-depth analysis
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Satoshi Arima, Koichi Nishiyamas,
Toshiyuki Ko, Hiroaki Koseki, Yuichiro
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through time-lapse imaging  and
quantification” (O BLV Rz %
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Yukiko Kurihara*, Yasunobu Uchijima,

Takahiro Sato, Kou Fujisawa, Sakura
Kushivama, Rieko Asai, Koichi
Nishivanma, Hiroki Kurihara.

“Involvement of non-coding RNA in the
Endothelin signaling in branchial arch
development” (RARZ—) FE33ME HA
FFEWMFE - F 83 B AAL(ES A
F22104 128 88 #HFEFEERTE

(RER #F)

Rieko Asai*, Yukiko Kurihara, Kou
Fujisawa, Takahiro  Sato, Yumiko
Kawamura, Hiroki Kokubo, Kazuo Tonani,
Koichi Nishivama, Yasunobu Uchijima,
Yumiko Saga, Sachiko Miyagawa-Tomita
and Hiroki Kurihara. “Endothelin
type-A receptor expression defines a
distinct subpopulation within the
first heart field contributing to
chamber myocardium” (V> RV T AL
® HEBEBARSTEYFS -5 83 E
AARE{FER ARFEES Tk 22 £ 12 A
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Yumiko Kawamura*, Yasunobu Uchijima,
Nanao Horike, Kazuo Tonami, Koichi
Nishivama, Tomoichiro Asano, Tomokazu

Amano, Yukiko  Kurihara, Hiroki
Kurihara. “Sirt3 protects in vitro-
fertilized mouse preimplantation
embryos against oxidative

stress-induced pb3-mediated
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The endothelin (Edn) system plays pleiotropic roles in renal function and various disease processes through
two distinct G protein-coupled receptors, Edn receptors type-A (Ednra) and type-B (Ednrb). However, dif-
ficulties in the accurate identification of receptor-expressing cells in situ have made it difficult to dissect
their diverse action in renal (patho)physiology. We have recently established mouse lines in which lacZ
and EGFP are ‘knocked-in’ to the Ednra locus to faithfully mark Ednra-expressing cells. Here we analyzed
these mice for their expression in the kidney to characterize Ednra-expressing cells. Ednra expression

Keywords: was first observed in undifferentiated mesenchymal cells around the ureteric bud at E12.5. Thereafter,
Endothelin receptor . i i
Kidney Ednra expression was widely observed in vascular smooth muscle cells, ]G cells and mesenchymal cells

inthe interstitium. After growth, the expression became confined to vascular smooth muscle cells, pericytes
and renin-producing JG cells. By contrast, most cells in the nephron and vascular endothelial cells did not
express Ednra. These results indicate that Ednra expression may be linked with non-epithelial fate determi-
nation and differentiation of metanephric mesenchyme. Ednra-lacZ/EGFP knock-in mice may serve as a use-

Metanephric mesenchyme
Smooth muscle cell
Juxtaglomerular cell

ful tool in studies on renal function and pathophysiology of various renal diseases.

© 2011 Elsevier B.V. All rights reserved.

Systemic and local circulatory homeostasis is maintained by a
balance between vasoconstrictive and vasodilatory factors. The
endothelin (Edn) system, composed of three peptide ligands
(Edn1, Edn2 and Edn3) and their two G protein-coupled receptors
(endothelin receptors type-A (Ednra) and type-B (Ednrb)), is in-
volved in this mechanism (Masaki, 2004; Yanagisawa et al., 1988).
In addition to their vasoconstrictive effects, Edns have a diverse
set of biological activities such as proliferative effects on various
cells, stimulation of hormone release and modulation of central ner-
vous activity. During embryogenesis, the Edn1-Ednra axis regulates
craniofacial and cardiovascular morphogenesis, whereas the Edn3-
Ednrb axis contributes to melanocyte and enteric neuron develop-
ment (Kurihara et al., 1999, 1994; Sato et al., 2008b).

The Edn system has been known to play pleiotropic roles in re-
nal (patho)physiology. In the renal vasculature, Edn1 exerts potent
vasoconstriction mainly through both Ednra (Hirata et al., 1989;
Honing et al., 2000), whereas some vascular beds show an endo-
thelium-dependent vasodilatory response mediated by Ednrb
(Matsumura et al., 2000). Edn1 also acts on renal tubules to pro-
mote diuresis and natriuresis by several mechanisms via Ednrb

* Corresponding author. Tel.: +81 3 5841 3498; fax: +81 3 5684 4958.
E-mail address: kuri-tky@umin.ac.jp (H. Kurihara).
! These authors contributed equally to this study.
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Agency, Kawaguchi 332-0012, Japan.

1567-133X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.gep.2011.04.001

(Ahn et al., 2004; Gariepy et al., 2000; Tomita et al., 1993). Further-
more, Edn1 modulates renin secretion from juxtaglomerular (JG)
cells (Rakugi et al., 1988). Through these effects, the Edn system
has been implicated in the pathophysiology of hypertension and
various renal diseases.

To dissect mechanisms underlying these diverse roles of the
Edn system, identification of cells expressing the Edn receptors is
of fundamental importance. However, accurate description of their
expression patterns remains still elusive due to relatively low
expression levels and lack of antibodies sufficient for immuno-
staining. We have recently established mouse lines in which mar-
ker genes such as lacZ and EGFP are ‘knocked-in’ to the Ednra locus
(Asai et al., 2010; Sato et al., 2008a). In these mice, the marker gene
expression faithfully recapitulates that of the endogenous Ednra
during embryogenesis. In this study, we analyzed these mice for
renal expression to clarify the localization of Ednra and its develop-
mental changes in the kidney.

1. Results

1.1. Isolation of Ednra-EGFP-positive cells and gene expression
profiling by RT-PCR

In Ednra-lacZ or -EGFP knock-in mice, marker gene expression
patterns faithfully recapitulate those of endogenous Ednra
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expression in the heart and pharyngeal arches (Asai et al., 2010;
Sato et al., 2008a). To confirm that Ednra-lacZ/|EGFP expression also
reflects endogenous Ednra expression in the kidney, we performed
FACS and RT-PCR. Cells were isolated from the E17.5 Ednraf¢f/*
kidneys and subjected to forward-side selection to preliminarily
identify cells (Fig. 1A), FACS analysis using fluorescent lectin re-
vealed that endothelial cells (detected by BS-1), proximal tubules
(detected by LTA) and collecting ducts (detected by DBA) were suf-
ficiently collected (Fig. S1), indicating that overall cell populations
of the kidneys were properly obtained through our manipulation.
After Pl-selection to exclude non-viable cells (Fig. 1B), EGFP-posi-
tive and -negative cells were sorted for RT-PCR analysis (Fig. 1C).
Ednra-expressing cells were detected only in the EGFP-positive
fraction, while Ednrb expression was detectable only in the EGFP-
negative fraction (Fig. 1D). This result indicates that the knocked-
in EGFP expression appears to faithfully recapitulate endogenous
Ednra expression and there is little overlapping in the expression
of Ednra and Ednrb in the developing kidney. Platelet-endothelial
cell adhesion molecule-1 (PECAM1/CD31; a marker for endothelial
cells) and a-smooth muscle actin (xSMA; a marker for smooth mus-
cle cells) expression was detected only in the EGFP-negative and -
positive fractions, respectively (Fig. 1D). This finding coincides
with the distinct expression pattern of Edn receptors in vascula-
ture: Ednra and Ednrb in smooth muscle cells and endothelial cells,
respectively (Masaki, 2004).

RT-PCR also revealed that aquaporin-1 (Aqp1; a marker for prox-
imal renal tubules) and aquaporin-3 (Agp3; a marker for collecting
ducts) expression was undetectable in the EGFP-positive fractions
(Fig. 1D). Instead, glial cell line-derived neurotrophic factor (GDNF; a
marker for undifferentiated mesenchyme) and renin-1 (Renl; a
marker for juxtaglomerular cells) expression was found only in
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Fig. 1. Characterization of Ednra-lacZ|EGFP-expressing cells in the kidney. (A-C)
Cells from the E17.5 Ednra®™* embryonic kidneys were sorted into EGFP-positive
and EGFP-negative fractions. Cells are subjected to forward-side selection for
preliminary identification of the cells (A), next PI selection was performed to
exclude nonviable cells (B), and finally EGFP selection was carried out to identify
EGFP-expressing and EGFP-non-expressing cells (C). Gated R2 and R4 regions
correspond to fractions of EGFP-negative and -positive cells, respectively. (D) RT-
PCR analysis of EGFP-positive and -negative cells from the E17.5 kidneys. Ednra was
detected only in the Ednra-EGFP-positive fraction. Expression of Ednrb, CD31, «aSMA,
Aqpl, GDNF, and Renl was also analyzed. Gapdh was used as an internal control.

the EGFP-positive fractions (Fig. 1D). These results indicate that
Ednra-expressing cell population is likely to include vascular
smooth muscle cells, JG cells and undifferentiated mesenchymal
cells.

1.2. LacZ- and EGFP-labeling reveals the renal expression pattern of
Ednra and its developmental changes

To analyze the expression pattern of Ednra in the kidney, we
performed B-galactosidase staining on Ednra-lacZ knock-in embry-
onic and adult kidneys. LacZ-expressing cells were detected as
early as E12.5 in mesenchyme around ureteric buds, although their
expression levels were low compared to those in the lung and tes-
tis interstitium, where Ednra was most abundantly expressed at
this stage (Fig. 2A and B). At E15.5 (Fig. 2C-E) and E18.5 (Fig. 2F-
H), when basic expression patterns of lacZ are almost the same,
lacZ expression was broadly distributed mainly in the medullary
interstitial mesenchyme (Fig. 2C, D and F). By contrast, lacZ expres-
sion was relatively low in the cortical nephrogenic region (Fig. 2C,
E and F). In higher magnification images, lacZ-expressing cells were
detected in the vessel wall (Fig. 2G) and in the ]G region encom-
passing intraglomerular mesangium and afferent and efferent arte-
rioles (Fig. 2D-F). In adult sections, lacZ expression was apparently
much sparser than in embryonic ones (compare Fig. 2I to C and F).
At higher magnifications, lacZ-positive cells were observed around
vessels (Fig. 2]) and in the ]G region (Fig. 2K) as in embryonic sec-
tions. But, compared to developing kidneys, lacZ-positive cells
were much decreased in the interstitium and inside the glomeru-
lus. Throughout kidney development, renal tubular epithelium
was not stained for B-galactosidase. These observations are consis-
tent with the results of RT-PCR analysis described above.

To confirm that the lacZ expression patterns faithfully recapitu-
late the endogenous expression of Ednra in the kidney, we per-
formed in situ hybridization on E18.5 kidney sections. Ednra
expression was mainly distributed in the medullary interstitial re-
gion (Fig. S2A and B). High magnification images detected Ednra
expression in the medullary interstitium (Fig. S2C and D), vessels
(Fig. S2E) and the JG region (Fig. S2F). By contrast, renal tubules
are apparently LacZ-negative (Fig. S2C-F). These patterns are lar-
gely identical to Ednra-lacZ expression patterns shown in Fig. 2.

To further dissect the characters of Ednra-expressing cells in the
kidneys, we performed double immunostaining on Ednra-EGFP
knock-in embryos and adult mice. We used CD31 and aSMA as
markers for endothelial and smooth muscle cells, respectively. At
E18.5, EGFP-expressing cells were detected around CD31-positive
vascular endothelial cells and in the JG region (Fig. 3A-A").
CD31-negative glomerular mesangial cells also showed EGFP
expression (Fig. 3A-A""). aSMA-positive cells are broadly observed
along vessels and they are EGFP-positive (Fig. 3B-B"). In the ]G re-
gion, aSMA expression fades away as previously described (Sauter
et al., 2008), and only EGFP signals remain (Fig. 3B-B'”). In addition,
aSMA-negative and EGFP-positive cells were found in the interstit-
ium (Fig. 3B-B"").

In adult sections, EGFP signal was sparse, as seen in p-galactosi-
dase staining. EGFP-expressing cells were detected in the vascular
medial wall underlying CD31-positive endothelial cells (Fig. 3C-
C') and in the ]G region (Fig. 3D-D"). Interestingly, EGFP expres-
sion in glomerular mesangial cells and the interstitium apparently
was much less than in the developing kidney. To determine the
character of Ednra-expressing cells in the interstitium, we ob-
served some sections and checked approximately 1500 EGFP-posi-
tive cells, and found all the EGFP signals adjacent to CD31 signals
(Fig. 3E-E"), indicating that these Ednra-expressing cells are likely
to be pericytes surrounding the descending vasa recta.

Taken these results together, Ednra expression in vascular
smooth muscle cells and JG cells remain after birth, while




Fig. 2. p-Galactosidase staining in the Ednra-lacZ embryonic and adult kidneys. (A and B) A section of an E12.5 embryo stained for p-galactosidase activity. A is a low
magnification image of the whole embryo and B is a high magnification image of the renal region of A. Renal LacZ signals can be detected but they are much weaker than those
of the lung and testis. Signals are detected in mesenchyme around ureteric buds (UB), but not in nephrogenic condensates (NC). (C-E) Sections of the E15.5 kidneys stained for
p-galactosidase activity. C is a low magnification image. (D and E) Higher magnification images of the medullary interstitial region and cortical nephrogenic region,
respectively. (F-H) Low (F) and high (G and H) magnification images of E18.5 kidney sections stained for p-galactosidase activity. Basic expression pattern of LacZ in the E18.5
sections is the same with that of E15.5 ones. Abundant LacZ expression is detected throughout the medullary interstitium (C, D and F), but, compared with this, few signals
can be detected in the nephrogenic mesenchyme of the cortical region (E). LacZ signal are detected around vessels (C, G, arrowheads) and the ]G region including small vessels
and intraglomerular mesangial cells (E, H, arrows). Renal tubules are apparently LacZ-negative. (I-K) Low (I) and high (J and K) magnification images of kidney sections of
adult (2 months) mice stained for p-galactosidase activity. LacZ-expressing cells are detected around vessels (J, arrowhead) and in the ]G region with adjacent small vessels (K,
arrow), but are not detected in renal tubules as in embryonic sections. Compared to the developing kidney, lacZ-expressing cells were much decreased in the interstitium and
inside the glomerulus (I). All the sections are counterstained with orange G. MI, medullary interstitium, NZ, nephrogenic zone. Scale bars: 100 um.

expression was first observed in mesenchymal cells around the
ureteric bud around E12.5. Thereafter, Ednra expression was
broadly distributed in vascular smooth muscle cells, JG cells and
mesenchymal cells in the interstitium until neonatal stages. After
growth, the expression became confined to vascular smooth mus-
cle cells, pericytes and renin-producing JG cells. By contrast, most
cells in the nephron and vascular endothelial cells did not express
Ednra. This pattern is quite distinct from that of Ednrb, which is
abundantly expressed in tubular epithelial cells and vascular endo-
thelial cells (Chow et al., 1995; Nangaku et al., 2002; Terada et al.,
1992).

Kidney development initiates with the interaction between the
Wolffian duct and metanephric mesenchyme (Vainio and Lin,
2002). The Wolffian duct generates the ureteric bud, which then
invades the metanephric blastema to induce nephrogenic epithe-
lial condensates destined to develop into nephrons. On the other
hand, stromal cell progenitors that are not destined to nephrons
are thought to become interstitial mesenchyme, vascular smooth
muscle cells and JG cells (Humphreys et al., 2010; Kobayashi
et al., 2008; Maric et al., 1997; Sequeira Lopez et al., 2004, 2001).

expression in developing interstitial mesenchyme may be confined
to pericytes.

1.3. Inclusion of renin-producing cells in Ednra-EGFP-positive cell
population

Next we performed double immunostaining for EGFP and renin
on Ednraf®"/* kidney sections to confirm that renin-producing cells
are Ednra-positive. At E18.5, renin-expressing cells were found not
only in the JG region (Fig. 4A-A") but also in vessels outside the JG
region (Fig. 4B-B"") as previously described (Sauter et al., 2008).
These renin-producing cells were always found to express EGFP
(Fig. 4A-A"" and B-B"). In the adult kidneys, renin expression be-
came restricted to cells within the ]G region, which were also in-
cluded within EGFP-positive cell population encompassing the
afferent and efferent arterioles (Fig. 4C-C").

2. Discussion

In the present study, Ednra-positive cells in the kidney were
clearly distinguished by marker gene expression. Renal Ednra

Thus, Ednra expression may be linked with non-epithelial fate
determination and differentiation of mesenchyme. This is in sharp
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Fig. 3. Expression patterns of EGFP, CD31 and aSMA in Ednra-EGFP kidneys. Sections of E18.5 (A-A", B-B") and adult (C-C'”, D-D"*, E-E"") kidneys immunostained for EGFP
(A-E, A”-E"; green), CD31 (A", A", C', C", D', D", E', E'; red), aSMA (B, B”; red), and merged with TO-PRO-3 staining for nuclei (A”"-E'*; blue). In E18.5 kidneys, EGFP-positive
cells are detected around CD31-positive vascular endothelial cells (A-A"", arrowheads), and in the ]G region (A-A’", arrow). EGFP was co-expressed with «SMA in vessels (B-
B, arrowhead), but not in the ]G region (B-B", around glomerulus). EGFP-positive but «SMA-negative cells in the interstitium are indicated with arrows (B-B'"). In the adult
kidneys, EGFP-positive cells are detected around CD31-positive endothelial cells (C-C"") and in the ]G region (D-D"). Compared to the embryonic kidneys, EGFP signals are
much decreased inside the glomerulus (D-D'"). EGFP-positive cells in the interstitium are associated with CD31-positive endothelial cells (E and E'). G: glomerulus. Scale

bars: 50 pm.

contrast to the expression of Ednrb, which is abundantly expressed
in tubular epithelial cells that are derived from nephrogenic
mesenchyme.

In addition to vascular smooth muscle cells, renin-producing JG
cells shows intense staining for Ednra expression. This result is
consistent with previous finding that Edn directly inhibit

cAMP-dependent renin production through Ednra in cultured ]G
cells (Ryan et al., 2002). JG cells were postulated to derive from
smooth muscle cells in the past (Owen et al., 1995). However,
Sequeira Lopez et al. have shown that renin-producing precursor
cells differentiate into a diversity of cells including smooth muscle
cells (Sequeira Lopez et al., 2004, 2001). Furthermore, Matsushita

kidney. Gene Expr. Patterns (2011), doi:10.1016/j.gep.2011.04.001

Pleése cite this article in press as: Kitazawa, T., et al. Identification and developmental analysis of endothelin receptor type-A expr&ssiﬁg cells in the inouse




T. Kitazawa et al. /Gene Expression Patterns xxx (2011) xxx—-xxx 5

E18.5

Adult

A A
.
=] B’

/ .

c ¢t

Fig. 4. Co-localization of EGFP and renin in Ednra-EGFP kidneys. Sections of kidneys of E18.5 (A-A'", B-B"), and adult (C-C") mice, immunostained for EGFP (A-C, A"-C'";
green), renin (A’-C', A”-C”; red), and merged with TO-PRO-3 staining for nuclei (A”’~C'”; blue). In both the E18.5 (A-A") and adult (C-C'") JG region, rennin-producing cells
are EGFP-positive (arrowheads). In E18.5 kidneys, rennin-producing cells are also detected in vessels outside the ]G region, which are also EGFP-positive (arrows) (B-B"). G:

glomerulus. Scale bars: 50 pm.

et al. have demonstrated the presence of mesenchymal stem cells
that may give rise to smooth muscle cells through renin-producing
precursors (Matsushita et al., 2010). Although the origin of JG cells
and their relationship to smooth muscle cells in the lineage hierar-
chy is still controversial, Ednra expression may serve as a hallmark
for non-epithelialized metanephric descendants.

In the present study, Ednra expression appears to decrease in
mesangium and interstitium after growth. On the other hand, Edn-
ra has been implicated in various diseases involving these cell pop-
ulations, such as glomerulonephritis and renal intestinal fibrosis
(Brochu et al., 1999; Sorokin and Kohan, 2003). In these patholog-
ical conditions, Ednra expression may be re-activated in prolifera-
tive mesangial and/or mesenchymal cells, where Ednra may
mediate a mitotic signal to contribute to disease progression.

It has been known that the Edn system is deeply involved in
various renal (patho)physiology. However, dissection of its diverse
action is difficult possibly because their different effects on the
nephron and vasculature can hardly be discriminated (Dhaun
et al., 2006). Ednra-knock-in mice may serve as a useful tool in such
studies by enabling us to identify and isolate Ednra-expressing
cells in various conditions.

3. Materials and methods
3.1. Mice

Ednra®?* (lacZ-knock-in) and Ednra®"* (EGFP-knock-in) mice,
described previously (Asai et al., 2010; Sato et al., 20083) were

maintained on an ICR-background. Mice were housed in an envi-
ronmentally controlled room at 23 * 2 °C, with a relative humidity
of 50-60% and under a 12L-12D light cycle. Genotypes were deter-
mined by PCR on tail-tip or amnion DNA using specific primers.
Embryonic ages were determined by timed mating with the day
of the plug being embryonic day (E) 0.5. All the animal experi-
ments were reviewed and approved by the University of Tokyo
Animal Care and Use Committee.

3.2. Cell sorting

Kidneys were collected from E17.5 Ednra®™* and wild-type
embryos and dissected into pieces. Then the kidneys were incu-
bated in D-MEM (Wako) containing 1 mg/ml of collagenase (Sig-
ma) at 37 °C for 60 min. After disaggregated in 0.05% trypsin-
EDTA solution (Sigma) to obtain single-cell suspensions, cells were
subjected to hypotonic treatment for hemolyzation and resus-
pended in an appropriate volume of FACS buffer (5% fetal bovine
serum/PBS). For cell sorting, the cells were passed through a cell
strainer (BD Bioscience) and sorted into EGFP-positive and EGFP-
negative cells using a FACS VantageSE flow cytometer (BD Biosci-
ence). The data were analyzed with CellQuest software (BD Biosci-
ence). For FACS analysis, the cells collected form wild-type
embryos were lectin stained. The cells were incubated with FITC-
conjugated lectin from Bandeiraea simplicifolia (BS-1) (Sigma),
FITC-conjugated Dolichos biflorus aggulutinin (DBA) (J-Oilmills),
or biotin-conjugated Lotus tetragonolobus aggulutinin (LTA) (Vec-
tor) on ice for 30 min. The cells incubated with biotin-conjugated

kidney. Gene Expr. Patterns (2011), doi:10.1016/j.gep.2011.04.001

Please cite this article in press as: Kitazawa, T., etal. ldentiﬁcatlon and develnpmental analysis of endothelin receptor type~A expmsing c:el in tl mowe




6 T. Kitazawa et al. / Gene Expression Patterns xxx (2011) xxx-xxx

LTA were washed with an excess amount of FACS buffer, and incu-
bated with PE-conjugated streptavidin (BD Bioscience) on ice for
30 min. The cells were washed and resuspended in FACS buffer
again at an appropriate concentration, and passed through a cell
strainer before FACS analysis. Analyses were performed on a FACS
VantageSE flow cytometer, and data were analyzed with CellQuest
software. In the assay, electronic gating was set to exclude nonvi-
able cells with propidium iodide (PI) (Sigma) staining after cellular
fractionation on the basis of forward versus side scatter.

3.3. RT-PCR

After cell sorting, EGFP-positive and EGFP-negative cells were
subjected to conventional RT-PCR. Extraction of total RNA, re-
verse-transcription, and conventional PCR was performed as de-
scribed previously with minor modifications (Asai et al., 2010).
PCR on the resulting cDNA was performed using the primers 5'-
GACGTAAACGGCCACAAGTTCA-3' and 5'-GAACTCCAGCAGGACCA
TGTGATC-3' for EGFP (product size, 608 bp: annealing tempera-
ture, 65 °C), 5'-ACGCTGGCCTTTCG-3' and 5-CTGAGCAGTTCACA
CCGGTTCTTATC-3' for Ednra (product size, 603 bp: annealing tem-
perature, 62 °C), 5-CACAGTGCTGAGTCTTTGTGCTCT-3’ and 5'-
ACCTATGGGTTCGGGGACAG-3' for Ednrb (product size, 157 bp:
annealing temperature, 60°C), 5'-AGGACAGACCCTTCCACCAA-3'
and 5-AATGACAACCACCGCAATGA-3' for CD31 (product size,
206 bp; annealing temperature, 62 °C), 5-TGCCGAGCGTGAGAT
TG-3' and 5'-AATGAAAGATGGCTGGAAGAGAG-3’ for aSMA (prod-
uct size, 193 bp; annealing temperature, 62 °C), 5'-GGCTATGTG-
CAGTGTCATGTC-3’ and 5-CTGTGATATGCCAGTGGTCAG-3’ for
Aqpl (product size, 462 bp; annealing, 62°C), 5-ATCAAG
CTGCCCATCTACAC-3’ and 5'-GGGCCAGCTTCACATTCTC-3' for Agp3
(product size, 559 bp; annealing temperature, 60 °C), 5-CCAGA-
GAATTCCAGAGGGAAAGGT-3 and  5'-CAGATACATCCACACCG
TTTAGCGG-3' for GDNF (product size, 338 bp; annealing tempera-
ture, 60°C), 5-ATCCCGCTCAAGAAAATGCC-3' and 5'-TGTGTCA
CAGTGATTCCACC-3' for Ren1 (product size, 416 bp: annealing tem-
perature, 62 °C), 5'-GGTGTGAACCACGAGAAATAT-3’ and 5'-AGAT-
CCACGACGGACACATT-3' for Gapdh (product seize, 334 bp:
annealing temperature, 60 °C).

3.4. B-Galactosidase staining

lacZ expression was detected by staining with X-Gal (5-bromo-
4-chloro-3-indolyl B-p-galactoside) for B-galactosidase activity.
Section staining was performed as described previously with min-
or modifications (Nagy et al., 2003). Sections were counterstained
with 1% orange G (Sigma).

3.5. In situ hybridization

Sections (12 um) were prepared from frozen mouse kidney
samples. Treatment for in situ hybridization was as described with
minor modifications (Ishii et al., 1997). The Ednra probe has been
described previously (Sato et al., 2008a).

3.6. Immunohistochemistry

Immunohistochemistry of sections was performed as described
previously with minor modifications (Makita et al., 2008). Embryo
cryosections (12 um) were immunostained using the following
antibodies: rat monoclonal anti-GFP (Nacalai Tesque, Kyoto, Japan;
1:200), rabbit anti-GFP (Medical and Biological Laboratories, Na-
goya, Japan; 1:250), rat anti-CD31 (BD Pharmingen, 1:200), mouse
anti-aSMA (Sigma, 1:500), goat anti-Renin (Santa Cruz, 1:100). Sig-
nals were visualized with Rhodamine Red- or FITC-conjugated sec-
ondary antibodies specific for the appropriate species. When

bl i) E3 v

visualizing signals with anti-mouse secondary antibody, we used
M.O.M. Blocking Reagent (Vector) to reduce background staining.
Nuclei were visualized with TO-PRO-3 (Molecular Probes).
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