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ABSTRACT

Nitric oxide (NO) is an important regulator of renal blood flow, glomerular hemodynamics, and tubule transport pro-
cesses in the kidney. There is also evidence that NO is involved in cell cycle regulation and mitotic division. During
development the NNOS expression pattern differs from that observed in adult animals. However, little is known about
temporal and spatial patterns of NNOS expression in the devel oping kidney. The purpose of this study was to establish the
time of expression and the distribution of nNNOS in the developing rat kidney. Kidneys from 14-, 16-, 17-, 18-, and 20-
day-old fetuses, 1-, 4-, 7-, 14-, and 21-day-old pups, and adult animals were preserved and processed for immu-
nohistochemistry. In the adult kidney, nNOS was detected in the parietal epithelium of Bowman’s capsule, macula densa,
descending thin limb and inner medullary collecting duct. NNOS immunoreactivity appeared first in the distal tubule
anlage at 15 days of gestation, and in all epithelia cells of developing thick ascending limbs (TAL) as well as macula
densa of 17- and 18-day-old fetuses. From 20 days of gestation to 14 days after birth, NNOS was expressed in the newly
formed cortical TAL, which are located in the medullary ray, whereas in mature TAL of juxtamedullary nephrons, nNOS
immunolabeling gradually decreased in intensity and became restricted to the macula densa. In inner medullary collecting
ducts, N(NOS immunoreactivity appeared first at 7 days after birth in the papillary tip and gradually ascended to the border
between outer and inner medulla. In the descending thin limb and parietal epithelium of Bowman'’s capsule, weak nNOS
immunoreactivity was observed at 14 days after birth and labeling gradually increased to adult levels at 21 days after
birth. These results suggest that differential expression of nNOS in the developing kidney is an important physiological
regulator of renal function during kidney maturation.

Keywords : nNOS, Pre-embedding immunohistochemistry, Developing rat kidney
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Nitric Oxide (NO)x= =|u}x13}A4] (lipophilic)e] 7FA~=A
g AEsh RS AYa glen, 3 sje] ofm|Al
Bz}el L-arginineo 2 2 E] &A=} (Arna et al., 1995). NO
2] 3+AJL nitric oxide synthase (NOS)el| 25 =i/l =74 =
=, AR 74 3744 o] NOSisoformse] etelz] gldt.
o] o] Hgoll o= HEelM WAFG el v} o FE
o], NOS1, neuronal/cerebella (NNOS) === brain NOS
(NNOS), NOS2, inducible (iINOS) =+ macrophage NOS
(MNOS) 78] 32 NOS3, endothelial NOS(eNOS) 2. 35t}
(Bachmann et al., 1994). ZZo|#4] nNOS: F= x|™ule]
Ara) A Z9} 422733 (inner medullay collecting duct) el A
W Ew INOSE o)A ghake] Abe|A| = (intercalated cell)
o} FE 5 W o] Ex 3o eNOS =2l
< F2 FEH g3 HIMZAAM ERsed L B9
E AFAL WAz & aAlsE S a4 W 22
Z(medullary Vasa recta) o]t} (Bachmann et al., 1994; Kone
et a., 1999). NO= #AF<2l 22 953 (hemody-
namic)d oz =83 zAxl= ¢lAHky ¢} (Bouloumie
etal., 1999). 4 7}x] AFZA3}E 53 NOE A5l T2
2] dN<=3}(renal blood flow)z} AAFA] o 2}1-8- (glomeru-
lar filteration rate)-g A5l =4sl= 9 wjF =923 7]
g e, 24 A0 sl wls w9
& aahy glgol weiAct (Ganger et dl., 1992). o)z
M Ee] NO9| 7)%55- Aol NOg| $15]¢] Zolo
Al 7113 whA el F2ell A nNOSE &4 A% F43]
Z7kste HaAs PYAse A FA Foll A 3Haste
AANME HaAE o]FH, nNOS A3} $A6x] o
(Solhaug et a., 1996). =2l o] 4{2] NNOS=
Aoz A wjal A-2cke] WaE AAlME

sAfe] YA 3F ] AS 2AAF FAH S8
7] AlArete] 24 214l M EE Aoz oA glen,
olwf QAIFhA ] M EFAFH HEAEALE F23 o
T o] 2Ee AFE Bk WG TR WA
A2 2 3 (ureteric bud) 2} ¥ 24 24| (metanephro-
genic blastema)ol| A] 7] 18b, @ 3ol 2] Hn)HE= o7}
7 activatorel] o3 ¥ FdAYRAY FZHIME (mesen-
chymal cell)7} 24l Ao £ F3lE=d o] Eof ofd)
AR B8l M ZE2 Al ZAPE AL (apoptosis)el] 2] 3)
A=A =k (Coles et a., 1993). Z7rIM =7} oA T A

sz o Fol= oM 7 R9lel AEA A 24
9] Yool Zo] s Hid), SA el B
Yol QAR oz veid AfolHEe] AA, NaH
2] (long loop nephron) 2] 227142 (asecendign thin limb)
A 2 F 44 (renal corpuscle)e] WAk (parietal epithe-
lium) 2-3}el] Frod 3t (Kim et ., 1996). B3] $ZxZo
Fo3 gL e T &0 FAde F L5
oA e] Al ZApE ALl 27t Qg7 Ko A e] 7HE F
L3k Az & 5 Qloh AL TEE 2FS TEE 4
o, T2 eM3 F -3 a2 (short-looped neph-
ron) 28k Ao| Fof gluh. A AF o3 g2 A
2]e] FEFE] MY (distd part)el A e A ZA}
GAE dehdr] AlRbete] 2% 35 HAH eEUeR
o 29 transformatione] dejr}A F ok (Kimet a., 1996).
oeiat AEAEAR: TEETAE ARl weh 1 3917
o)gshn] A ul4 (outer medulla) 3 %44 (inner
medulla)s] 77 ¥9)el4 WA e} 71 el el (long-
looped nephron) & A5t =of Al 2FsFeHE
) S Rk B A 2700 aqbaolA Bu]Ee] A
ZAEARE Adh= survival factor= of7bA] W &St
ukalz] 9lx] okov} mu]|AJAFQlx}(epidermal growth factor,
EGF), neurotropin 3, hepatocyte growth factor, nitric oxide 5
o] A1 gl M ZAEAL (apoptosis) s A} ]
WEkz s Al EARe] she] 24, vl 34 (embryogene-
sis)Zt "4 (development)ell A F8.3F A& & opz}
RAGME F9elel Delt Fe) B A Aol
23 A3 s, w3k oY EHA Agtelt Fokol A
ol i LA BRE Slgo]l dHA M EZAPD AL
u) 2= Az W, A QlAtel Wgt At e 23S
of et wEta £ AFelME 3l fAllRe] At
2AIAZA 9] 7hsAE ElEh] flsl WAFT FRelA
nNOS®] 1 opa-e BAs IR} Soi
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Zgs pAEY E2RgEWS Esle] 0.01M PBS(pho-
sphate buffer sdine, pH 7.4)2 27 FFsle] AL A7
gt ¥ periodate-lysine-paraformadehyde (PLP) = 527 %
Fota & & TRE AHE TR 2839 2mm T
Aol FEAS A2 F PLPof| T 4°CellA 12A17 o
A3t Vibratomes ARE-3sle] 50pum FA 9] XA H
A=sto] WA Aastict My Fe) INOSe)]
4 wste WAl S8 =71004 A4 NOSel
SEeA A (sgma) s AH8-3k

w2 o

fed

ol

3. ZOWF BioIxx|5}

— -

J

TAE AAS Vibratomeo 2 50um F72] 22 A S

&, 270 o} 9l dde

A zHske] PBS(pH 7.4)2 A2

hyde7] & A A3s}7] ¢3sle] 50mM NH,Cl (PBS) = 15824 3
W Aol 1A Helshr] Al g2 Awsh v
Eo]A] HFS-& Zo]7] ¢)3sle] 0.05% saponin, 0.2% gelatin
2 1% bovine serum albumin (BSA)& PBSel] =313t o
(buffer A)ol] 2417+ X8)8la, 2% A= 72 1% BSA
(PBS) (buffer B)oll 3]Au]go] 77 1:30000] Hes &
ool 4°CollA a4 St vhHe-A17i Buffer A= 20%
A 3 W F 221842 buffer Bell 1:1000.2 3]4 5}
A-gol A 2417 Me)sgieh. 22131 2= peroxidase conju-
gated donkey anti-rabbit 1gG, Fab fragment (Jackson Immuno-
Research Laboratory, USA)E A}£-9] 17, Buffer A2} 0.056M
Trisbuffer (pH 7.6)2 27} 584 3H Ao]EF 3 0.1% 3,3~
diaminobenzidine (0.05M Tris buffer)= 5% *|2]3}1z, H,0,
5 #F 527 001%7) B =5 H7psted 1048-7F o HE3A

Fig. 1. Light micrographs of 50-um-thick vibratome sections (A) from cortex (B), IS of outer medulla(C), middle part of IM (D), and terminal
part of IM (E) of adult rat illustration immunostaining for NNOS. A: nNOS immunoreactivity was located in the cortex, outer medulla and inner
medulla. B: there was strong nNOS immunoreactivity in macular densa and parietal epithelium of Bowman's capsule. C: in the IS of outer medul-
la, NNOS immunoreactivity was aso present in the descending thin limb. D & E: there was stronger immunoreactivity for nNOS in the middle
part than terminal part of IMCD; note the nNOS positive thin limb in the terminal part of IM. Magnification: x 20(A); x 350(B-D).
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Fig. 2. Light micrographs of 50-um-thick section from kidney of 14-
(A) and 15-day-old fetus (B) illustrating nNOS immunostaining. A:
there was no nNOS immunoreactivity in the condensed mesenchyme
(2) and uncondensed mesenchyme (2) of 14-day-old fetus. B: nNOS
immunoreactivity appeared in the inner cortex and medulla. C: higher
magnification of area indicated by dot rectangle in B. There was no
nNOS immunoreactivity in ascending limb of stage Il nephron (*);
note the abrupt transition (arrow head) to the strong labeled ascending
limb (arrows). Magnification: x 16 (A & B); x40(C).

7wl A7t 0.05M Tris buffere} 0.1M PB (pH 7.4)=
747} 584 31 e ¥, B4 A Epon8l2s) AR

Fig. 3. Light micrographs of 50-um-thick section from kidney of 4-
(A) and 7-day-old pups (B) illustrating nNOS immunostaining. A:
there was NNOS immunoreactivity in the developing thick ascending
limb. B: nNOS immunoreactivity appeared in the outer cortex. Mgni-
fication: x 16 (A & B).

sp7l ol sel Bashelct.

4

1. M SEO|M nNOSS| L&l

A3A) )4 NOSS] e u}7-] 2l (outer cortex), W14
2! (outer medulla) 2! £<=3! (inner medulla)oll A 2= ¢lo
(Fig. 1A). v}z2g| Ao A} NNOS:= BSmbFmL]e] W& A}
3] (parietal epithelium)<} =8}k (macula densa)ell 4] 733}
waEglon, 53] AduleA gt HubEAdE el
ATk (Fig. 1B). wpzde] 739 Mg 7= (descending
thin limb)el| A 7}alA &= glon] 9 Erl=REdAMEs
A=A skt (Fig. 1C). &4l 4] nNOSe] ™ ovk-g-A
2 4212132 (inner medullary collecting duct)=} W3 71=
Riel ] BAE 53] S4AAGTA WAgA
S0 FR06lA T s dEpdem, A s o
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Fig. 4. Light micrographs of 50-um-thick vibratome sections illustrating immunostaining for NNOS in the renal cortex of kidneys from 1- (A),
4- (B), 7- (C), 14- (D) day-old pups illustrating nNOS immunostaining. A: there was nNOS immunoreactivity in the newly formed thick ascend-
ing limbs. B-D: nNOS immunoreactivity disappeared in the thick ascending limbs. Magnification: x 200 (A-D).

sl WebeAde] sl WA gk wh,
Arhene] Ag 409 ARRslsl FARI6A
el T W S0 Uk W92 24w We INOSS] ejuheA e 24l UL7A BARA o)
4 o] Z7}3l9leh(Fig. 1D, E), 941 15906 22=)7] A2ksleict (Fig. 2A, B). 441 142e]

2. UM SEOIM nNOS2| &5
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A9l nNOS:= A= 37193 (condensed mesencyme) o]}
A== ok =719 (uncondensed mesenchyme) = Fof A
A x) okokr}(Fig. 2A). ¥ 9JAl 15Y6)] H3lo] iy
7] A=l e, I hE 2 4] (inner cortex) 2} 4ol A
A 3ieh(Fig. 28). YAl 15904 = 2911 14 3
7] 2|2 (stage 1l nephron)e] 2 EX-1 (ascending limb) o]
Qow, WARpel i 2R eheket (Fig. 20). 941 18
U7} 209w e A3k e Qe} (datanot shown).

3. 2= ZEOIM nNOS2| Lad

245 NNOSS] RoJuhgde Bal 27)0)i whpw) s}
&304 WA o] Azo] AT LAlBel A U]
hohs AR dehdale 24 490 A 2ol 94
S ARel Feesyrld Jel dusslen &
Wrslz 2es Wl s o] Zohelelc(Fig. 3A). 24 7
Qo= 2AFe] 57} Z71ge] wet INOSe] WeduhgAl
o] Z7lsea a9k= Z7heleiet (Fig. 3B). 7 L4l wel A
ANOS®] 4 gpake Aps) Bae] uel Wb 1o
YR Es) Feogre e Wk, FLo By
wo) ARsle] AR 23 L= (Fig 4A). =3 A2
o] FAFE Al E HRH7) Azsiich 24 42
e Azel FAHE LABNE Foogrre A
RgloA] FAsIglen], olu] Ao} SR Bl 4]
NOSE 4aubae] Feo By Reln Rejuhsae]
7] A4e11e} (g, 48). o1l A el A=

E
EeiA A 7ol FeogRel NERE

A HE

ol gt s}zqgoq W5 gie} (Fig. 4C). A5 24 14%e]: &

o o=2unol QA FHeA nNOSS| ale] TFEH ] st
1

or, W% FeAltes ooix Adule] TAFH) oA
= %} (Fig. 4D).

3k

1

Sprague-Dawly#| 213E A}8-3te], 44l 169, 184
2097 A% 14,399,549, 79 2 149, 72|27 AA 3
7 FE& paaformaldehyde-lysin-periodatez. #7374
F Zohgl WeshehyS ko] nNOSS| F-E39)
alo] ohew) 2o AdE AY

AAS AS SAAAE AV R 51
A uhgaast 4o ey 5de) 3
eI PSS ngom, PAIYTE) TR AS
Z XA o] = Nephrogenic zone2] distal anlage2} 4=%212] stage
A=) @ FHEelAM 727 FA-S veplivrt =
B3 1l S U g AL Feed

ot Aol Rk Fhelo] walsglek 400 el

LU}

i
)

AL Al vb FEo BN EedME F5x] bt
ERe], 76l Agom HpAor] ApoFdME

HA= 7] ARFeTh 2 F 14Ul = $540] A
FoM = FF =0 WS vepliohrh 28U oj2d
A oF HPIEL*Z‘/] JFe ol e EE7] A|zlsled A
Ao} wlszdt o FAFE e

A ZAFE AL 2AQIALR A M 93] QAR
AzR ] QA7) wl$- Zeo] FAF ] glgo] A=l B
NZ FZZ A LA A bal-2= A ZAPdALE
2} A 5} (Hockenbery et al., 1990), A1) =& ZZ Z<ko
Al bcl-27} e ba-2 §352F 29 AF A 352
Z3A3ko] 7)™ (Chandler et al., 1994), =3}t bel-2 ¢4z}
23 AF e TEE AEAGAL "R 3] ket 2AF
ol T2 AR okl 2AMFe] AT FojEe], T
2o Fof WAR ol TE HATAAHANME Aﬂ&_x}%
Ake} bel-27F FAsE #A7)F 9l <A =ik (Sorenson
etal., 1995). Ao Fgo| M ZzAEAE 58 = o
B o5t £AR ofEl Y el IH
FTLAZ M = ~7}H o] TE7)5ol AHAA &5 7

it oo a2
o o
L

o2}

Aerlw ) e} doke Wl 2949%dAE N
& AR NO Fol o8] HEAEAE Fage 1
© oleh B 2AF g nelda 1E ez

s
AR FJejBFAdE fsAE AlESA] (proliferation)o] 2
23 = 2 B9E AT Xl wet #5957 B

oA B41e4 P s doluer g
Zol thymidine $-AHA1 & Fodsle] eA|FE 2 indexE 7
Abs) ¥ A3 FAF 303} 5QzelN FH4 Bushelon)
7 Bo):= upgsde] o)A (proximal tubule)zt 4194
T (distal tubule)e| A 7}AF =9k o) Z9AM| Tl A7} tha
l=7ﬂ Uelde} (19.1%: 14.9%, 243 39 7|F). vbd 53

4o W7yt Ss7heiolMe 7o AxFA
o] g Aoz WEFHUR(0.6% FAF 39 7% HH7}
L-31)(Chaetd., 2001). o]2] 8t AP S AR A Q] ZBG=
o) RelgAe] Yolub SARY ML AZALAT} B
Aste] Al Fho] 2 E W A E| FA L upRLAN
oA o} AelAe] AA By uppsdeA
doidehs AL &4 2ot

Z 2 Jiang (Jiang et al., 2004) Sl ol 712 =z el
niteric oxidez} dentate gyrus -9 2] M EZZA1& Z71A)7]=
Zlo=z B3 Fel 1, Hof (van't Hof et d., 2004) 52 o A
nitric oxider} o] Fefz} Hu)=2 ZSA| o2 H AExZ
Aol Fedgohs ARAS BH3loh 53] Poon (Poon et al.,
2003) 52 zebrafishol|A] WA z}A] 3=6]] nitric oxider} =&l
=™ o]&o| zebrafishe] AR Fo3 JTE T&
B slge A 7R TR = A 272 NOSisoforms
o] tjekal M xoA LTty ¥ 3E gl NOS-1 gkl 2

=
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> Adulke| ZpsiA A ER, mRNAE 43 A3 &
Al (efferent arterioles)ol] & ot NOS-1¢2F NOSII
=g FEoA a3 53] NOSIIIS 7§ Wo]H] Zof
F2 Wdste] 29 vascular toned A= oz o
A 9lch AA7A] X Lute|A1e] nNOSe]  tubuloglome-
rular feedback (TGF) 2 =438l o F23F 988 o] g
3] 7eH (Welch et al., 2002). o|2}&t 7] Alel = obj7kx] o]
o] EAla7)E s} oo 2ol Al 74A FpAde] Al
A3 ok $4 A= AUake] NOS7E Aol A sl
S22 =7 2] vasucular smooth muscle cellel] ¢33FS n]x]
guanylate cyclaseE &3} A7) cGMPE AAJ3It= A
olth. = WAlzx= x4ule] nNOS~} autocrine actione =
FoLEFEW e NaK/2ClE A#igtezxa TGF vhg-2
Sxsitt= Aot} uxqt A WA= NO7} juxtaglome-
rular apparatus (JGA)2] renin, adenosing, ATP 5 t}2 <z}
5& A3l A7 TGFE wjgiebs Aoldh X%t o7}
2] Agt 71 dsiMe Hep g A 23 A4
ok ¢ H o] % NNOSS| TGFe| ®3 obeh g
7N 2 dentate gyrusel| 42| A 22 g el 9loAe] PCNA
ste] Aol BF A7AT} wuHEA NOSe] A
EZ5A Wt &3 3IAE mow glvh(Jiang et al.,
2004). ZZo| A = nitic oxided] 7153} Aol Bigr A7)
23] AWH T glort 1 Fobhs F= AW (vasodi-
lation), 7}+<3 (inflamation), nuero trasmission hormone release
s} sodium handling 5] Sgble] gl A<l A EZA)
3} Abgel u]A]E ool Hig A= glvh ® AFelME
WAl T2 o83t E3Fl 24Tl Al nNOSe]
WS FAsiglow, BT F nNOSE B2 ofito] AA
Mol He] RERSCAM EREA T, FepEE A,
& Jeja wpgpAeEo R A7l wel HEE Az
= 2917t e 58] Alze] ¥k Foog il
de A7t Al tell whel wde] Fagozn oA
o] ®3leol WA IA V] & Aoz AL
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ok
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AR kel F83 ATE e AREA HZ A F
7|24, ARGl = st o= dA o HI AT
Aol oshd WHRF FgelAe] nNOSe| a2 A ek
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A Bty o] HE3Ake)el Addl yRzbeRE B A
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o} o] o] Az Bol FHoFHEA2 nNOSe| e o



