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Dependence of Kidney Morphogenesis on the 
Expression of Nerve Growth Factor Receptor 

Nerve growth factor teoeptar (NGFR) serves as the binding site for the neumtmphic 
growth ficmrs. Although NGFR has been found in several embryonic tissues outside 
the n m u s  system, the function of NGFR in embryogenesis of non-neuronal organs 
remains unknown. NGFR is transiendy synthesized by embryonic rat kidney and 
disappears h m  ncphmm upon their terminal difkrmtiation. Anti-sense oligonucle- 
otide inhibition of NGFR expression inhibits kidney morphogenesis. Therefore, 
NGFR is required not only for development of the nervous system, but also for 
differentiation of the kidney tubules. 

A FAMILY OF NEUR~~ROPHIC G R O ~  The metanephric kidney is formed by the 
f ictoq induding nerve growth facbor interaction between ureter bud epithelium 
$ (PNGF), braindexid mum and the surrounding nephrogenic mesen- 

wphic fixor, and andwphin  3 (hippocam- 
DUS- neurotroDhic hctor\. is likelv im- 
~ f i , r * ~ t a n d ~ & o f  
vati~lt~setsofneumm (l).Itispotssiblethatall 
ofdxse~b i i t odKsamenerveg rowth  
fhx rrceptw (NGFR) (2). NGFR is ex- 
ppssedonsome~nalandglialalls (3),as 
wdlasinseveraladultandem~ctissus 
(4-8), induding glomaUli ofthe v t oc 
memqhk kidney (4, 8). The function of 

Flg. 1. Expression of NGFR 
in embryonic rat kidneys. (A 
and B) In situ hybridization 
(20) with the '5S-labeled anti- 
sense riboprobc to NGFR 
mRNk At day 13 (A), neph- 
rogenesis is initiated around 
theumcrbud(UB)andthe 
mesenchyme condenses to 
formthefirstncph.llle ~. 

NGFRinthedevdopmentofthesenon-neu-  in^-- 
r o n a l ~ ~ u n l m o w n .  densing mcsendlyme. At day 18 (B), nephrogen&i contin- 

We have investigated the expression and , he outertermOSt tor- 

effect of NGFR in the developing kidney. mr ofJ& embryonic-kidmy. 

H. Sviolaand A. Kua-, (C) In situ hy&idhi& with 
H~ the 35Slabeled sense riboprobe 

to NGFR mRNA shows no 

tubulogenesis are widespread among em- 
bryonic tissues. 

By in situ hybridization with a 35S-labeled 
rat NGFR riboprobe, NGFR mRNA was 
first detected in the developing rat kidney at 
embryonic day 13 in cell condensates that 
later form nephrons (Fig. 1A). Expression 
was abundant in the embryonic nephrons 
(so called S-shaped bodies, Fig. 1, B and C) 
and ceased a few days after birth upon 
terminal differentiation of nephrons. A sim- 
ilar pattern of NGFR expression was also 
revealed by indirect immunoperoxidase 
staining with monoclonal antibodies 
(MAbs) to rat NGFR (Fig. 1, D and E), as 
well as by iodinated-$NGF binding and 
subsequent autoradiography (Fig. 1, F and 
G). In the adult kidney, NGFR expression is 
limited to s w c  non-epithelial cell types 
such as mesangial cells of the glomerulus, 
nerve fibers, and the adventitia of blood 
vessels (4). Expression of NGFR in the 
nephrons was transient and began during 
induction of the nephron. 

Two classes ofNGFR have been dmacter- 

K. f i b ,  ~ c p t m & t  of ~acho~ogy, Univrrsity of Hel- On ("1 a Y  15 am (k) a Y  IY .  
sinki, H d s i  Fid. Bin* of iodinated BNGF 
A. Vaahmkaci and.1. llxsktr, I d t u t c  of PcQdontics (21) on (F) day 13 and (G) day 
and Orthodontics, University ofHchinlri, HJsinlri, Fin- 14. ~iw -w in 
h d  

I 

M. S y U. eS J.P~@,.F+-~ qfBiouchno1- . - binding to 18-day embryonic pll 

". , ' 

and (C); 700 pm in (E); 120 pm in (H). 
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Fig. 2. NGFR from embryonic rat kidneys and PC12 &. (A) A 
A9inity cross-linhg of NGPR from embryonic kidncy and 
PC12 ads (15, 22). Lane 1, whole PC12 &; laoe 2, wm- 
branes ofPC12 cells; lane 3, whok embcyomc kidncy &; lane 
4, membranes of embryonic kidney &. ?he membranes or 
cells from 50 14-day embryonic rat kidneys and 5 x lo6 PC12 
cells wae incubated for 45 min at 37°C with 1 nM iodinated - 97 
PNGF and placed on iccald p h o s p h a t e - W  saline. EM= 
(Piem) was added at a final concentration of 30 mM (16, 17). - 85 

Excess (1000-fold) PNGF abolished cms-linlung of iodinated 
gNGF to NGFR (9) Iodinated gNGF bin- m proteins of 
embryonic rat kidneys and NR18 cells, which do not express 
NGFR (23), aftcr the protch in the gel (18). Lane 1 2 3 
1, binding m protans of embryonic rat kidmy-, lane 2, bindq 
to proteins of embryonic rat kidney in the prrsam of IOOafold 
arccss unlabeled PNGF; lane 3, biding to proteins of NR18 
cells. Forty 13.5- to 14-day embryonic rat kidneys or 2 x 106 
NR18 & wae lysod in Laanmli b*, elcctrophorrsed on a 
12% polyaccylamideSDS gel, and subjected to rcnaturation 
and diffusion blotting as described (1 8, 24). 

ilarly d e d  a 97-kD complex. Renatucing 
proteins in the gel restores the ability of a 
denatured protein to bind its ligands specif- 
ically (18); this mahod was used to verify 
the molecular size of NGFR in embryonic 
kidney. I&ted BNGF specifically binds to 
prorrins of molecular weight 72 kD and 68 
kD from membranes of embryonic kidneys 
(Fig. 2B). Northern blot analysii revea&d a 
single NGFR mRNA species of 3.7 kb from 
embryonic kidneys and PC12 cells (Fig. 3). 
These results show the prcst~lcw of low-&- 
ity NGFR in the embryonic kidney. The 
difknce in  mobility of cross-- com- 
plexes from membrane and whole dl prepa- 
rations corresponds to the size of PNGF. 
Thus, it is possible that, in whole cells, BNGF 
is cross-linked in dimeric form, and in mem- 
brane preparations, in monomeric form. 
Ahnativcly, the mobility diffkms may 
retkct diff- in glywsyhtion of NGFR 

The function of NGFR in epithelial dif- 
ferentiation and branching morphogenesis 
was analyzed in organotypic cultures of em- 
bryonic rat kidneys. In these cultures, un- 
diffaentiated 13-day embryonic rat kidney 
undergoes tubule diEerentiation within 2 
days. Phosphochm d a q o ~ d e s  
complementary to the 3' region of NGFR 
mRNA were used to inhibit NGFR expres- 
sion in kidney e x p h .  As shown by immu- 
nopemxidaseminingwith theuseofaMAbto 
NGFR, phosphurhim anti- oligonu- 
cleotides (5 phi) inhibit NGFR eqntsion in 
c u l t u ~ ~  of 13-day embtyonic kidneys (Fig. 4). 

izad, bw- and highdinky NGFR (12, 13). 
TkproQaoftheakprotooncogarisin- 
VoWinhighd inky~toBNGF,e i tha  
alone a in oom~lar with the low-ahity 
NGFR (14). The highdinity lmpax medi- 
a t s l > l d o g i c a l * o f ~ N G F i n ~ d  
~ W R S  (15). NGFR b anbryonic r;lt kid- 
n e y w a s b i o d m i * ~ b y ~  
m c d r o d s : d h m i c a l ~ l i n k i n g t o ~  
BNGF, diffusion ppbcin blomng with subso 
quent iodinated BNGF binditla, and Nodxm 

(16, 17) to yield a complex approximately 
100 kD in size. Iodinated BNGF was cross- 
linked ,by EDC to plasma membrane fac- 
tions h m  14-day embryonic rat kidneys 
and PC12 cells, which d a d  in 85-kD 
PNGF-NGFR complexes (Fig. 2A). Similar 
cnws-linking with intact PC12 cells yielded 
complexes that were somewhat larger (97 
kD). C&-linking by EDC of iodinated 
PNGF to intact embryonic kidney cdls sirn- 

(WA) bblot ~ ~ N G F I R  m ~ ~ k  IIE 
m - k  ~ D S S - ~  1-&~4-3-(3dim~th- 
yl-arninopropyl)-carbadiimide hydrochlo- 
ride (EX) has been shown to cross-link 
iodinaad-BNGF to the low-ailhity NGFR 

F l g .  3. 
N o r t h e r n  
blot analysis 
o f  N G F R  
mRNA from 
embryonic' 
rat kidneys 

1) and 
PC12 cells 
(IIUK 2). To. 

isolated from 
PC12 cells 

m i n i p r e p  - (251, 
mRNA from 
100 14-day ' 
embryonic 
kidneys was 
prcperrd with the use of- mRNA PrrpPn- 
tion Kit (Pharmacia). Total RNA (10 pg) fiom 
PC12 & and poly&nykd mRNA (1.5 pg) 
h m  embryonic kidneys were qaratcd on a 
1.2% a g u o s e - W y d c  gel and t r a n s k d  to 
nylon membrane (Amcrsham) as described (26). 

4. Ad- phosphothionat~ o l i g o n ~ d c  inhibition of NGFR expression and kidney 
morphogcncsis. Ki.dneys *bated with (A, C, and E) anti-sense, and (6, D, and F) sense 
phosphothionatc ohgonudeot~dcs (27) for 5 days. (A and B) B i o t i n v v i d i n  pemxidase sraining for 
NGFR demonstram inhibition of NGFR expression. The arrows mark mcsenchymal condensates and 
early kidney tubules aprcsing NGFR (C and D) Kidney explants stained with hematoxylin-axin. (E 
and F) Inhibition of the umcr bud branchq is visualized in a whok mount immunolabeled for 
cytokcra~ 8. Thc results shown are cepmentative of nine expehcnts with 13-day-old kidneys, each 
with five kidnev rudiments in each medium. 'Ihe olkonudcotide scaucnccs were as follows: anti-scnsc 
~ ' - A G T G G A ~ T A G ~ ' ;  sense, ~'-CT~TGCAGCGA~CCACT-~'; and non-sense, 5': 
m G C l T E G c - 3 ' .  Bar represents 80 pm in (A) and (B); 120 p.m in (C) and (D); and 
400 pnl in (E) and (F). 
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Even after 5 days in culture, no tubules were used in the hybridization mixture. Biotin-streptavidin manufacturer, washed at 65"C, and exposed in Kodak 
immunoperoxidasc kit was obtained from Zymed Lab X-Omatic cassette with intenslfylng screens at -70°C. formed and only rudimentary branching of the oratories, and MAb against NGFR from Oncogene 27. B. C. Froehler, P. G. Ng, M. D. Mattencci, Nucleic 

ureter bud was seen. The corresponding sense Science (diluted 1 :10 and incubated overnight at 4°C). Acids Res. 14, 5399 (1986); M. Bengtstrom and L. 
and non-sense phosphothionate oligonucleo- 21. A.-M. Partanen and I. Thesleff, Dev .  Biol. 120, 186 Paulin, Nucleic Acids Symp. Ser., in press. The 

(1987). Microsurgically separated kidneys were in- medium (Eagle's minimun essential medium with tides did not affect NGFR expression, or cubated in iodinated PNGF (5 nglml) (Amersham) 10% fetal calf serum) and oligonucleotides were 
growth and differentiation of the kidneys. Re- for 90 min at room temperature, washed at 4"C, changed daily. Phosphothionate anti-sense oligonu- 

6xed in 3% paraformaldehyde, processed for auto- cleotides complementary to 5'-, middle, and 3'- moval of the anti-sense oligonucleotides after 2 
radiography, and exposed for 12 days. sequences of NGFR mRNA were first tested. Each 

days in the cultures restored normal nephric 22. N. V. Costrini and R. A. Bradshaw, Proc. Natl. of them inhibited expression of NGFR in the kidney 
differentiation (19).Thus, depletion of NGFR Acad. Sci. U . S . A .  76, 3242 (1979). cultures, but to a different extent. Complete inhibi- 

specifically perturbed epithelial differentiation 23. M. Hosang and E. M. Shooter, J. Biol. Chem. 260, tion of NGFR expression was achieved with the 
655 (1985). anti-sense oligonucleotide to 3'-sequence; this oli- 

of the nephrons. Although the ureter bud 24. A. A. Karavanov, Experientia (Basel) 39, 1015 gonucleotide was therefore used in all subsequent 
did not express NGFR (Fig. l),its branch- (1983). The nitrocellulose strip was incubated in 5 experiments. Comparison of oligonucleotide se- 

ml of binding buffer (150 mM NaCI, 1mM EDTA, quences to the GenEMBL sequence data bank did ing was inhibited by anti-sense oligonucle- 10 mM tris-HCI, pH 7.5, 0.3% bovine serum not reveal any sequences with greater than 70% 
otides, but not by control oligonucleotides. albumin, 0.05% Ficoll, 0.02% polyvinyl pyrroli- homology. For whole mount imrnunostaining, the 

Therefore, inhibition of NGFR expression done) with 5 nM iodinated PNGF. In competition cultured kidneys were 6xed in cold methanol, 
experiments, 1000-fold excess unlabeled PNGF was stained overnight with a MAb to cytokeratin 8 

in nephrogenic tissue also perturbs epithe- added to the binding medium. The binding step was (Amersham), washed in phosphate-buffered saline, 
lio-mesenchymal tissue interactions that followed by four 1-hour washes in 100 ml of incubated overnight in fluorescein-conjugated sec- 

binding buffer with 0.1% of Triton X-100. Autora- ondary antibodies (Dakopatts), and washed and govern ureter bud branching. diography was overnight at -70°C with the use of mounted in Elvanol. 
The results show that NGFR expression is Kodak X-Omatic AR film and intensifying screens. 28. We thank L. Saxen and S. Gilbert for their com- 

required for the formation of epithelial kid- 25. M. Wilkinson, NucleicAcidsRes. 16, 10933 (1988). ments on the manuscript, A. Tuomi and B. Tjader 
26. T. M. Maniatis, E. F. Fritsch, J. Sambrmk, Molecular for technical assistance, and L. Paulin for synthesis ney tubules. NGFR is widely distributed in Cloning: A Laboratory Manual (Cold Spring Harbor of the oligonucleotides. Supported by grants of 

embryonic tissues derived from all germ Laboratory, Cold Spring Harbor, NY, 1982). The Sigrid JusClius Foundation and Finnish Cultural 
blots were hybridized with 32P-labeled rat NGFR Foundation.layers (7, 8) ,  so signal transduction by 
cDNA in a Hybrid-Ease Hybridization Chamber 

NGFR may be important in differentiation (Hoefer Scientific Immunents), as directed by the 29 April 1991; accepted 1 August 1991 
of a variety of organs, as well as of the 
nervous system. 
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