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SUMMARY

Basement membrane assembly is of crucial importance in showing renal agenesis and impaired lung development.
the development and function of tissues and during These developmental defects were attributed to locally
embryogenesis. Nidogen 1 was thought to be central in the restricted ruptures in the basement membrane of the
assembly processes, connecting the networks formed by elongating Wolffian duct and of alveolar sacculi. These data
collagen type IV and laminins, however, targeted demonstrate that an interaction between two basement
inactivation of nidogen 1 resulted in no obvious phenotype. membrane proteins is required for early kidney
We have now selectively deleted the sequence coding for the morphogenesis in vivo.

56 amino acid nidogen-binding site,y1lll4, within the

Lamcl gene by gene targeting. Here, we show that mice Key words: Basement membrane, Wolffian duct, Kidney, Lung,
homozygous for the deletion die immediately after birth, Morphogenesis, Mouse

INTRODUCTION connecting the major networks formed by laminins and
collagen V.
Basement membranes are specialized extracellular matricesThe precise mechanisms how basement membranes are
that play fundamental roles in tissue development and functioassembled and how the biological function of the proteins is
These thin sheet-like structures are produced through complexaintained within the basement membrane in vivo, are still
interactions between the major components laminins, collagamclear. In particular, the differential sites of synthesis for
IV, the heparan sulfate proteoglycan perlecan and nidogamdogen and laminin chains in mesenchymal and epithelial
(Mayer and Timpl, 1993). Laminins are heterotrimeric crosstissues, respectively, (Thomas and Dziadek, 1993; Ekblom et
shaped multidomain molecules composed of three geneticallt., 1994) argues for the presence of other factors involved in
distinct chains f, B andy). To date, 14 different laminin the assembly processes. Recent results obtained by targeted
isoforms have been identified and the diversity is mainly dudeletion of cell-surface receptors, suchf#sintegrins and
to the existence of five different chains (Miner and Patton, dystroglycan showed disruption of basement membrane
1999). Conversely, among the three knowrchains, the structures (Kreidberg et al., 1996; Williamson et al., 1997,
lamininyl chain shows a ubiquitous expression pattern and BiPersio et al., 1997; Sasaki et al., 1998; Henry and Campbell,
found in all laminin isoforms, with the exception of laminin 51998) and emphasize a role for transmembrane complexes in
and laminins 12-14 containing th2 andy3 chain, respectively coordinating the spatial and temporal local concentrations of
(Miner and Patton, 1999; Koch et al., 1999; Libby et al., 2000)proteins at the sites of basement membrane formation.
Purification of laminin 1 under non-denaturing conditions It is widely believed that basement membranes serve as both
demonstrated that nidogen 1 forms a stable complex witktructural barriers and as a substrate for cellular interactions.
laminin (Paulsson et al., 1987). In addition, nidogen 1 has bedrhe genetic inactivation of most of the major components has
shown to bind to most of the currently known basementlemonstrated that each of the proteins serves specific functions.
membrane proteins, including perlecan and collagen IV (Timplrhough all mutations interfere at specific stages with basement
and Brown, 1996). The finding, however, that nidogen 1 camembrane integrity, the underlying mechanisms most probably
mediate the formation of ternary complexes between laminidiffer. Mice deficient for perlecan develop normally before they
and collagen IV in vitro (Fox et al., 1991), led to the hypothesislie of heart failure at 10.5 day post coitum (dpc), because of
that it is crucial for basement membrane assembly basement membrane instability caused by mechanical stress
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(Costell et al.,, 1999). Natural mutations within any of thewas achieved within a unique 400 Bpa/Nhd fragment using 5
laminin 5 chains3, 32, y2) lead to junctional epidermolysis GATCGGGCCCGTGAGACTGTGCAAAGGTTAGTCACTGGCCA
bullosa, a severe skin blistering disease (Pulkkinen and Uitt&ACTCGGTCACG and SACAGAGATGTGCTAGCAATTAAAA-
1999). Likewise, mutations within the laminir2 chain result CACATdTAGgﬁ\%dafnd verified byh:qudﬁﬂféngmﬁﬂef SUb_C|0|n'”g the
in congenital muscular dystrophies (Helbling-Leclerc et al.MutatedAp ragment into thedindlll/Bant] genomic clone,
1995). Targeted disruption of the laminiB chain is embryonic the HSV-TKNeo cassette flanked by two loxP sites was inserted into

lethal b £ | structural b t b def the Nhd site in the following intron. To identify Cre recombination,
ethal because ot local structural basement membranes 0elels,, 4qitionaEcoRV restriction site was introduced after the second

at the site of expression of the corresponding laminin isoformgyp site. The mutated clone was then extended byall@wing 5.2
(Miner et al., 1998). None of these mutations, however, showagh BarHI genomic fragment.

major early embryonic defects, reflecting the distinct expression

of specific laminin isoforms and their function during Generation of hetero- and homozygous ES cells

embryonic development and adulthood. On the contrary, thel cells were cultured and transfected with et linearized
crucial importance of laminins for basement membrandargeting vector as described (Mayer et al., 1997). Genomic DNA
formation has been demonstrated by deleting 10 out of the frpm G418 resistant clones were screened by Southern hybridization
known laminin isoforms through the inactivation of the Iamininaggtrr'zgon?\g][ﬁtg‘igcr’ge‘f[‘i’gg ?/gc-:fol:blénodsliltlic Ec(ﬁ%;;a%vrgfgt;ﬂgifggd or
ﬁe(r;?t?rlgr.] el\gI;i,dh(;)ig]g?{sggudspioghtrgigrnU;E:‘gci)lﬂr:aagl]f ggzzrgre ditional random insertion using the neomycin gene as probe. Two

. Lyl - nes were expanded and transiently transfected with Cre
and endodermal cell differentiation (Smyth et al., 1999; Murrayecombinase under the control of the PGK promoter. Deletion of the

and Edgar, 2000). selection cassette was verified affeoRV restriction using the same

The nidogen-binding site of laminin has been localized to @robe as described above. To obtain homozygous mutant ES cells, one
single laminin-type epidermal growth factor-like (LE) module,of the positive clones was transfected once again with the initial
y1lll4, of the lamininyl chain (Mayer et al., 1993b) and is targeting vector to obtain one allele still carrying the selection cassette
therefore present in most of the laminin isoforms known(4.5 kb fragment) and one devoid of (2.7 kb).

Though the y2 chain of laminin 5 contains a highly ' . . . -
homologous LE modulgRlll4, no significant binding activity Gt?lr;zratlon of mice lacking the nidogen-binding module

has been Obs.erVEd.(Mayer etal, 1995).' LE. motifs consist wo independent heterozygous clones lacking the selection cassette,
about 60 amino acids and form four dlsulflde-bonded_ loop A2 and CIII3C6, were injected into C57/B6 blastocysts and
(Baumgartner et al., 1996; Stetefeld et al., 1996). Peptide aRQnsferred into pseudopregnant CD1 foster mothers. Highly chimeric
mutant analysis of the 56 amino acid nidogen-binding LEnale founder mice were obtained which were crossed with C57/B6
module demonstrated that two non-contiguous loops argnd 129Sv females to obtain heterozygousffspring. Heterozygous
necessary for high-affinity binding to nidogen 1 (Pdschl emice were mated to obtain time-staged homozygous embryos; All F
al., 1994; Poschl et al., 1996). Antibodies that inhibit theand E progeny were genotyped by Southern blotting or by PCR using
laminin-nidogen interaction perturbed epithelial branchingd-AGATGTGAACTCTGTGATGAC as forward and '8 GCAA-
morphogenesis in organ culture of lung, kidney and salivarfPAAGTGGTTCACACCGCATTCT as reverse primer.

glands, a process that involves formation of new basemegg;}ep(,jmjItion of embryoid bodies

membrgnes (Ekblom et. al., 1.9.94’ Kadqya et al, .1997ljndifferentiated ES cells were trypsinized, diluted in ES medium

Surprisingly, however, mice deflqlent for nldogen.l failed Wyithout LIF (EB medium) as described (Wobus et al., 1991) and

show any overt phenotype, which may be attributed to Bjated onto cell culture dishes for 45 minutes to allow residual feeder

redundancy of nidogen isoforms (Murshed et al., 2000). cells to attach. The supernatant was washed twice with EB medium

In order to characterize the biological significance of thend ES cells were finally diluted at a concentration ofl8%ml. The

laminin-nidogen interaction, we have used a genetic approacklls were then placed in hanging drops ofi2BVobus et al., 1991).

to delete the nidogen-binding modwiHIl4 of the lamininyl  After 2 days, cell aggregates were transferred into EB medium filled

chain in the germline of mice, thereby abrogating binding opacterial dishes. Medium was changed every 48 hours. After 10 days

while basement membrane formation is not crucially”BS and further processed.

dependent on the laminin-nidogen interaction, there arprotein analysis and rotary shadowing electron

structural abnormalities in specific basement membranes @ficroscopy

kidney and lung, resulting in impairment of early kidneyEmpryoid bodies were sequentially extracted with TBS and EDTA as

organogenesis and lung development. described (Paulsson et al., 1987). The EDTA extract was passed over
a Hi-Trap heparin affinity column (Pharmacia). Bound laminin was
eluted with a linear NaCl gradient as previously described (Paulsson
et al., 1987). Rotary shadowing electron microscopy was performed

MATERIALS AND METHODS as described (Paulsson et al., 1987).
) ) For radioimmuno inhibition assays (RIA) embryoid bodies from
Construction of the targeting vector three independent homozygous mutant and control cells and embryos

A 164 bp cDNA fragment coding foillll4 was used for probing a were extracted in RIPA buffer (Sasaki et al., 1996) and analyzed as
lambda FIX Il genomic library (Stratagene) of the mouse 129Svdescribed (Sasaki et al., 1998). For immunoblottingg fotal protein
strain. Exons coding for domain IIl of the laminjd chain were  were separated under non-reducing conditions on 5-15% SDS-PAGE
identified by hybridization with radiolabeled oligonucleotides gels, transferred onto PDVF membranes (Millipore) and incubated
according to the published human genomic organization dfaimel  with the primary antibodies. Using goat-anti-rabbit antibodies
gene (Kallunki et al., 1991). The nidogen-binding mogalé4 was  conjugated with horseradish peroxidase (BioRad), specific bands were
contained within a 4.7 kHindlll/BanHI fragment. Deletion of11114 detected after visualizing enzyme activity with ECL (Amersham).
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Northern blotting and RT-PCR laminin y1 chain. The nidogen-binding module is encoded
Total RNA was prepared using Trizol, according to the supplieréogether with part of the preceding LE module in one exon.
protocol (GibcoBRL). Samples (1Qg) of each genotype were Deletion ofyllll4 was achieved using a PCR-based strategy,
electrophoresed in a 1.2% denaturing formaldehyde gel ankkaving 7 bp of the original sequence at ther®l of the exon,
transferred to HybondN membrane (Amersham) and hybridizeghys allowing fusion of11113 directly toy1lll5 after splicing.
against?P-oligolabeled cDNA probes for laminyd, lamininy1ill4,  The inserted selection cassette was flanked by two loxP sites
perlecan, nidogen 1 and nidogen 2. For standardization, the sarggq excised after transient transfection with Cre recombinase
membranes were reprobed with a GAPDH probe. (Fig. 1A). Homologous recombination in embryonic stem cells

For RT-PCR, fug of total RNA was reverse transcribed with MuLV
reverse transcriptase (Appligene). For second strand synthalsig 2 (ES) was followed by the appearance of a 4.5 kb band for the

the reaction mixture were used in PCR reactions. After 35 cycles, pciRrgeted allele, which was further reduced in size to 2.7 kb after
products were analyzed on a 2% agarose gel. Control reactions wépé€-mediated recombination (Fig. 1B).

carried out without reverse transcription. Forward and reverse primers To analyze the role of the laminin-nidogen interaction in
were chosen from different exons and were as follows: fowitro, we generated ES cells homozygous mutant for the
demonstrating deletion of the nidogen-binding modylél4, 5-  deletion (Fig. 1B). RT-PCR analysis with primers flanking
AGATGTGAACTCTGTGATGAC and 5TTGTAGTAGCCAGGG-  yi1l114 showed the correct size of the amplified products for the
TCACAAGTA; for LE modules 6-7 of the laminigllll domain,  \yjld-type and mutated alleles, indicating that the deletion close

located downstream of the deletion sité;GIGTGACTGCC- ; ; ; Fot
' . to the exon border did not interfere with transcription and
ATGCTTTGGG and SCTTCACAAGTCGGTAACAAGCCGG,; for correct splicing (Fig. 1C). To prove that the deletioyldfl4

GAPDH, 3-CTGCCAAGTATGATGACATCA and 5TACTCCTT- \ ! . L L.
GGAGGCCATGTAG, yielding in reaction products of 369 and 20100m.pletely abo_llshes nldogen-blnd.ln.g activity, "'?‘m'”'”. was
bp for wild-type and mutated alleles for the deletion site, and 317 bpurified from wild-type and1lll4-deficient embryoid bodies

and 252 bp products for LE6-7 and GAPDH, respectively. The PCRY heparin affinity chromatography. In agreement with earlier

products were verified by sequencing. studies (Paulsson et al., 1987), nidogen 1 was retained together
_ ) _ ) _ with laminin by the matrix in wild-type extracts, while it was
Histochemistry and immunohistochemistry exclusively detected in the flow through fraction in mutant

Embryos and tissues were dissected, fixed for 2-4 hours in 4%xtracts, demonstrating that mutant laminin had lost nidogen-
paraformaldehyde in PBS and either embedded in OCT or in paraffiginding activity (data not shown). This was further confirmed
wax. Paraffin wax-embedded sections (5¢i0) were processed for . rotary shadowing electron microscopy showing nidogen 1
Hematoxylin and Eosin staining. closely associated with the short arm of laminin in controls,

For immunostaining 7-1um cryosections were stained with the lated struct bsent in th tant lamini
respective antibodies. Paraffin wax-embedded sections were dewax ereas a relaled structure was absent in the mutant laminin
Ig. 2). Furthermore, the typical cruciform shape and the

and treated for 10 minutes with 10@/ml proteinase XXIV (Sigma) i
at 37°C. After a blocking step with PBS, 5% normal goat serum (NGSgorrect number of globular domains in the short arms of the
first antibodies were applied in PBS, 2% NGS for 1 hour at 37°C in futant laminin (Fig. 2) excluded the possibility that the
humidified chamber. After washing with PBS, the sections weraleletion had interfered with folding and assembly of laminin
incubated with secondary Cy3- or Cy2-conjugated goat-anti-rabbit dnto a trimer.

goat-anti-rat antibodies. After final washing in PBS, sections were Embryoid bodies grown from wild-type and heterozygous
gloume‘j a”dfana}'yz.ed on an Agi,"ph"t ﬂut(?t;ez,cence (geiss) a”% 88lls did not show any overt differences compared with those

ympus confocal microscope. Primary antibodies used were ral ; ; _hindi ; ; ;

antisera against nidogen 1 (Fox et al., 1991), nidogen 2 (Kohfeldt gtpgzltincgohhse Efrﬁ?ae&igmdlré%r?rtiiir:\glt;, rt:lspglce:zta:o sel':lzseerﬁzglt

al., 1998) and laminin 1, recognizing isoforms contairwitgBl oryl - . 2
chains (Fox et al., 1991), laminj recognizing the wild-type or the membrane-like structure was identifiable below the outer

mutated protein (Mayer et al., 1998), perlecan, collagen IV (Costell &ndodermal layer in cross sections of mutant embryoid bodies

al., 1999), Pax2 (Babco), SP-C (Vorbroker et al., 1995) and rat anty immunostaining (data not shown), indicating that the

mouse monoclonal antibodies against nidogen 1 (Ries et al., 2001)laminin-nidogen interaction is not a prerequisite for basement
. membrane formation, as suggested in earlier studies (Fox et al.,

Electron microscopy 1991; Ekblom et al., 1994).

Tissue specimens (1 nfrwere fixed in 3% paraformaldehyde and 3%

glutaraldehyde in PBS for 2 hours at 4°C as described (Mayer et aKidney organogenesis is dependent on the laminin-

1997). They were then postfixed for 1 hour in 1% osmium tetroxide anﬁidogen interaction

embedded in Epon. Ultrathin sections were collected on formvar coat eterozygous mice derived from two independent ES cell lines

copper grids, stained for 10 minutes with uranyl acetate, 5 minutes with btained and did not sh bvi h i t
lead citrate and examined with a Zeiss EM 109 electron microscop¥/€€ 0btained and did not Show any obvious phenotypé up to

For quantification of lung morphology, eight tissue samples of fouPN€ year of age. Immunostaining with antibodies specific for

homozygous mutant and four control mice were taken and a total 8f€ interfaces of the tandem arrays of LE modules in the wild-

200 randomly selected fields of 12 counted for each genotype.  type or mutant (Mayer et al., 1998) demonstrated that both the
mutant and the wild-type laminigil chain were present in
basement membranes (data not shown). Genotyping of more

RESULTS than 800 offspring of heterozygous crossings at weaning failed
. o . o ) to reveal any surviving homozygous mutant animals

Targeted inactivation of the nidogen-binding site (+/+:+/——/—; 280:524:0). Dead pups were routinely observed

within the Lamc1 gene abrogates nidogen binding shortly after birth of which most were homozygous for the

To explore the biological role of the laminin-nidogen mutation. This suggested that mice deficient for the nidogen-
interaction, a targeting vector was prepared that lacked th@nding module y11114 died soon after birth. However,
nidogen-binding LE moduleg11114, within domain Il of the  phenotype analysis during prenatal development showed that
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only [60% of the mutant embry
developed to term, whereai0% diec
before 11.5 dpc for so far unkno
reasons.

Embryos were removed at 18.5 dpc
Caesarian section. The majority of
mutant embryos were about 20% sm:
than their littermate controls. Striking
visual inspection demonstrated the lac
kidneys in most homozygous embr
(Fig. 3C,E) whereas they were pres
in all wild-type (Fig. 3A,D) an
heterozygous embryos analyzed. E
kidneys were identifiable in only a sir
percentage of mutant embryos (Fig. <
while (90% showed either bilateral (80
46 out of 59 animals) or unilateral (1C
5 out of 59 animals) renal agene
demonstrating that the laminin-nidog
interaction plays a pivotal role duri
kidney  organogenesis. The |
penetrance of metanephric developn
was independent of the ES clone
genetic background being observed «
heterogeneous (C57/129Sv) as well a
a 129Sv background. Despite the lac
kidneys, adrenal glands, testis and o
were normally present with gross ¢
histological analysis failing to reveal ¢
abnormalities in these organs, while
uterus in female and vas deferens anc
seminal vesicles in male mutants w
absent (Fig. 3C,E).

Growth of Wolffian duct is

impaired in yl1lll4-deficient mice

An essential step during Kkidn
development involves growth of t
Wolffian duct and its subsequent fus
with the cloaca, a prerequisite for

outgrowth of the ureteric bud (Saxer
al., 1987). The ureteric bud subseque
induces the metanephric mesenchym
condense and to undergo a mesenchy
epithelial conversion. As kidney org
culture studies have demonstrated
less new epithelium formed around
tips of the ureteric bud in the presenc
antibodies inhibiting the laminin-nidog
interaction (Ekblom et al, 199
defective epithelialization could have
to subsequent degeneration of the kic
anlage, resulting in renal agenesis.
therefore analyzed kidney developmer
13.5 dpc with standard histologi
techniques. In all wild-type a
heterozygous embryos, multiple branc
of the ureteric bud surrounded

condensed metanephric mesench
were observed (Fig. 4A) that wxe
indistinguishable in  number a

A 7.5kb
Bl B EV EV B
WILD-TYPE L1
— T
5'Probg N
X X -
Hoon BB gy b EV EV B
TARGETING VECTOR . ......... I’ﬁ} H_|H_|_|_1 .......
v A EBEV gy B EV EV B
TARGETED ALLELE I’@} H_H TR M
ask0
A s
CRE-MEDIATED BV H EV, BV BV B
RECOMBINATION =
27k0
B
& & < 369 bp

B N S S B B A A A

i g o -75 kb—g g\-“
- - . —4.5kb— ¥
- -

<201 bp

Fig. 1. Generation and analysis of ES cells and mice lacking the nidogen-binding module
y1lll4. (A) Restriction map for the genomic region of domain Ill oflthenclgene. The
sequence coding for the nidogen-binding mogtild4 is depicted in gray. The targeting

vector and the resulting targeted allele after homologous recombination in ES cells are
shown below. The final targeted allele was achieved by Cre-mediated deletion of the
selection cassette. Predicted sizes of genomic fragment&ediRy restriction and

Southern blotting, using the externally locatégrobe, are indicated. Apa; B, BanHl,

EV, EcarV; H, Hindlll; Nh, Nhd. (B) Southern blot analysis &cadRV digests of genomic

DNA from respective ES cell clones (left panel) aneéfbryos at 18.5 dpc (right panel). A
fragment of 7.5 kb is detected in the wild type. In addition, a 4.5 kb fragment is seen in
heterozygous cells, which is further reduced in size to 2.7 kb after transient transfection with
Cre (+/-€'¢). Homozygous mutant embryos were identified by the appearance of a single 2.7
kb band (right panel), whereas homozygous ES cells showed both a 4.5 and a 2.7 kb band
(left panel). (C) RT-PCR analysis of RNA isolated from wild-type (+/+), heterozygous (+/-)
and homozygous mutant (—/—) ES cells. Primer pairs spanning the deletion site resulted in
the expected size of fragments for the wild-type (369 bp) and mutated (201 bp) kgminin
chain (top panel). In all genotypes, the downstream located modilés7 (middle panel)

are normally transcribed.

o e =27 kb—

+/+

Fig. 2. Rotary shadowing electron microscopy demonstrates the absence of nidogen in
homozygous mutant (—/—) laminin compared with the wild-type (+/+) form (arrowheads).
Scale bar: 50 nm.



Laminin-nidogen interaction and urogenital development 2715

Fig. 3.Bilateral renal agenesis in laminytlll4-deficient mice. Urogenital tracts were dissected from male (A-C) and female (D,E) embryos at
18.5 dpc. Eighty percent of the homozygotes display bilateral renal agenesis (C,E). Testis (C) and ovary (E) are nonaiytprester, vas
deferens and uterus are lacking. Ten percent of the homozygous mutant animals develop two kidneys (B). The remainimgoitdhe uro
system appears normal, except the epididymis, which has a vesicular appearance (arrowhead in B). Ad, adrenal glandEB, bladder;
epididymis; K, kidney; O, ovary; Ov, oviduct; Ut; uterus; T, testis.

morphology from those mutant embryos in which either onémmunostaining for laminin revealed normal, linear basement
or two metanephric kidneys had been induced (Fig. 4Cmembrane structures (Fig. 5F). A closer inspection by confocal
However, in the majority of/1ll14-deficient embryos, only microscopy, however, demonstrated that discontinuities close
remnants of uncondensed metanephric blastema were obsertedhe growing tip of the Wolffian duct existed in deeper layers

(Fig. 4B).

of the sections, and that the normally tightly connected

This raised the possibilities that either the ureteric bud failedpithelial cells were partially separated (Fig. 5G). These results

to branch from the Wolffian duct at earlier stages or °

its growth towards the metanephric mesenchyme
defective. At 11 dpc, the first dichotomous branchir
the wureteric bud was visible in all wild-ty;
heterozygous and a few mutant embryos (Fig. 4D,}
most of the mutant embryos, however, we were not
to identify any signs of the ureteric bud (Fig. 4E)
thus defective or delayed growth followed by cell di
could be excluded. Surprisingly, a morphologic
identifiable Wolffian duct was also absent in the ca
region of the embryos. During embryonic developrr
two pairs of renal organs, the pronephros and
mesonephros, are formed in a spatial and tem
sequence before the metanephros becomes the
functional kidney. As all three organs are formec
mesenchymal-epithelial transition, kidney ager
could have been explained by a general failure of
conversion. Yet, the mesonephros was properly fo
and in size and number of tubuli similar to wild-t
embryos at 11.5 dpc (Fig. 5A,B). At the same stag
caudal progression of the Wolffian duct towards
cloaca could be followed in serial sagittal and tran\
sections in wild-type embryos (Fig. 5C). In eight
yllll4-deficient embryos devoid of metanephric kid
induction, however, the Wolffian duct was blind-enc
within the upper level of the urogenital ridge (Fig. &
In support of these data, at 13.5 dpc we also obse!
blind-ending Mullerian duct, which is known to deve
in parallel to and to be dependent on an indu
influence of the Wolffian duct (Jacob et al., 19
Despite the absence of a ureteric bud, we could ide
distinct uninduced metanephric mesenchyme ir
cases.

Growth of the Wolffian duct is still poorly understor
We speculated that a defective basement mem
along the duct might cause retardation of its growth.

-

- w#ﬁg

Fig. 4. Metanephric kidney development in 13.5 and 11.5 dpc embryos.
Morphology of representative sagittal H&E stained sections of 13.5 (A-C)
and 11.5 dpc (D-E) embryos. At 13.5 dpc, the metanephric kidney is well
developed in wild-type embryos (A) and a few homozygous mutant embryos
(C). In the majority of mutant embryos, the metanephros is lacking and only
remnants of the metanephric mesenchyme (arrow) are visible (B). At 11.5
dpc, the ureteric bud has invaded the mesenchyme and bifurcated once,
surrounded by condensed metanephric mesenchyme in wild-type (D) and a
few mutant embryos (F). In the majority of mutant animals, only uninduced
metanephric mesenchyme is present (E). Ad, adrenal gland; CM, condensed
metanephric mesenchyme; M, metanephric mesenchyme; Met, metanephric
kidney; UB, ureteric bud. Scale bars: 158 in A-C; 50um in D-F.

A o S o
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were further supported by electron microsc
showing that basement membranes were interr
by gaps along the Wolffian duct (see Fig. 9D
Epithelial cell shape and polarity, however, appe
normal. To determine whether growth retardatic
correlated with a decrease in cell proliferation,
performed BrdU-labeling in utero and found that
number of BrdU-positive cells was not significal
changed compared with controls (Fig. 5G). Simili
staining for Pax2, a transcriptional regulator of
paired-box family known to result in Wolffian du
dysgenesis (Torres et al., 1995) was normal

5H,l). From these data, we conclude that grc
inhibition of the Wolffian duct inyllll4-deficient
embryos is dependent on a locally restricted defe
basement membrane, but independent o
proliferation defect or differentiation proces
regulated by Pax2.

Kidney dysgenesis caused by the absence of
the laminin-nidogen 1 interaction

Kidney agenesis occurred in 90% of the animal
the 10% of mutant embryos in which kidi
development did occur, we observed normal ki
architecture with multiple branches of the ureteric
between 11.5 and 13.5 dpc (Fig. 4C,F). At 18.5
however, mutant kidneys seemed to be non-functi
as the urinary bladders were morphologically en
Dysgenesis of variable severity was apparent it
mutant kidneys. While the outer developing cor
region was comparable with the control tissues
quantity of tubular structures in the mature re
was greatly diminished (Fig. 6A,B). Furthermc
histological sections revealed abnormalities in
glomeruli of the inner cortical region. The tc
number of mature glomeruli counted in Kkidi
sections obtained from three individual animals
30% less than in wild-type kidneys. Of these, ¢
were normally developed (Fig. 6C), whereas the
had either a reduced (25%) or missing (15%) cap
tuft, and consequently the Bowman’s capsule
partially or completely filled with red blood cells (F

Fig. 5. Wolffian duct in 11 dpc embryos. The mesonephric kidney is
comparably developed iilll4-deficient (B) and in wild-type (A) embryos
(arrows). (C,D) Growth of the Wolffian duct (arrowheads) can be followed in
consecutive sagittal sections throughout the urogenital ridge in wild-type (C)
but not in mutant (D) embryos. A representative sections of the blind-ending
Wolffian duct in mutant embryos is shown in D. Confocal microscopy after
immunostaining for laminin (E-G) and BrdU (red label in G) reveals
continuous basement membranes structures in the controls (E) and mutants (F),
which are, however, partially interrupted (arrows) in deeper layers of the
section (G). Pax2 (H,l) is normally present in the Wolffian duct in the mutants
(I) compared with littermate control embryos (H). Scale barspubdt A,B;
250um in C,D; 40um in E-G; 50um in H,I.

6D,E). The distal and proximal tubuli, as well as all Commainto the genital tracts, thus leading to loss of the normal
and S-shaped bodies were surrounded by an ultrastructurafiychitecture of the epididymis.

distinct basement membrane. The same was found for the ) ) ]

majority of glomerular basement membranes (GBM), althougiNidogen 1 is not retained in basement membrane

when the capillary tuft was missing the GBM was not lineastructures

but interrupted (data not shown).

To determine whether the deletionydtll4 within the laminin

In addition, some of the mutant kidneys analyzed showeyl chain affects the localization of nidogen, we performed

cystic enlargements, which were only observed in malémmunostaining of various tissues. Nidogen 1 was present in
homozygotes. To define the defect more closely, we followedll basement membranes of wild-type and heterozygous
the ureter in transverse sections from three male mutaanimals, but, with a few exceptions, barley detectable in
embryos at 185 dpc caudally towards the bladder. Adasement membrane structures of the mutant animals. Only
hydronephric kidney with a thinned parenchyma was apparebasement membranes around large blood vessels and at the
(Fig. 6F) and the ureter connected aberrantly either to the vdermal-epidermal junction of the skin showed staining
deferens (Fig. 6G) or, in one case, ended directly in thmtensities comparable with the control tissues (data not
epididymis, both derivatives of the Wolffian duct. During shown). This raised the question as to whether the recently
dissection of the urogenital tracts, we observed a vesiculaewly identified, highly homologous isoform, nidogen 2
structure in close vicinity to the testis in mutant embryos (Fig(Kohfeldt et al., 1998), is upregulated. Double-immunostaining
3B), which was identified as epididymis. These data thereforf®r nidogen 1 and nidogen 2 in kidney sections, however,
strongly suggest that in these males, the kidney directly drainéddicated that nidogen 2 was neither differently deposited nor
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was its staining intensity increased relative to
controls (Fig. 7A-D). Staining intensities similar to 1
of wild-type controls were also observed for

lamininyl chain (Fig. 7E,F), collagen IV and perle
(data not shown).

Former studies have demonstrated that nidogel
highly susceptible to proteases and that comn
formation with laminin protected the C-termi
globular domain G3 from degradation (Mayer et
1993a). Surprisingly, immunoblotting of various tis
extracts showed normal levels of non-degraded nic
1 (Fig. 7G), excluding the possibility that nidogen
lost due to excessive proteolysis. Comparable RN/
protein levels for nidogen 1, nidogen 2, laminin
perlecan were also found by radioimmuno inhibi
assays and Northern blotting (data not shown).
therefore conclude that through the deletion of
nidogen-binding site, no compensatory mechanisn
induced, but that nidogen 1 is lost during embec
procedures, thus strongly arguing for a weak
integration into basement membranes caused b
deletion of its binding site.

Lung defects might cause perinatal lethality

in yllll4-deficient mice

Homozygous mice die very soon after birth
despite the fact that the kidney phenotype should
to a perinatal lethality within the first 2 days, we
been unable to identify any living offspring within
first postnatal day. This indicated that another d
causes death of the homozygous animals. Indeed,
of the mutant dead pups had a cyanotic appea
indicative of respiratory problems.

Mutant lungs dissected from 18.5 dpc embryos,"
normally developed with respect to number of lo
Cross-sectioning through the lung revealed tha
major bronchial trees had formed in the homozyg
but they were more compact and smaller comg
with wild type (Fig. 8A,B). At higher magnification,
became apparent that the prealveolar sacculi
immature and only poorly inflated, and mesench:

Fig. 6.Kidney abnormalities in 18.5 dpc embryos that are associated with the
mutation. The outer cortical layer in the mutant embryos (B) is
indistinguishable from the controls (A). Note, however, the reduced number of
tubuli (asterisk) in the mutants (B). (C-E) Glomerular defects in the mutants
are visible in the inner cortex with the glomerular tufts showing mild (D) to
severe (E) capillary aneurysms compared with normal appearance (C). Mutant
male embryos display a hydronephric kidney with a thin kidney parenchyma
(F). (G) Consecutive transverse section of the same animal as shown in F,

demonstrating fusion (arrowhead) of the ureter with the vas deferens. Ur,
ureter; Vas Def, vas deferens. Scale bars:yto0n A,B; 25um in C-E; 250
pmin F,G.

thickening between the terminal airspaces

observed (Fig. 8C,D). Interaction betw

mesenchyme and epithelium is a crucial fe

throughout lung development. Yet, between 11.5

13.5 dpc, no differences in number of buds or sizes of the lungietected in a further 30% (Fig. 9C). Remarkably, in the

were observed compared with control embryos (Fig. 8E,Fyemaining alveoli, basement membranes were completely

The presence of surfactant protein C (SP-C) positive cells imissing and epithelial cell protrusions were seen entering into

18.5 dpc mutant lungs further indicated that differentiation othe empty space (Fig. 9B). Together, these data suggest that the

precursor epithelial airway cells had proceeded (Fig. 8G,H). laminin-nidogen interaction is crucially important for the
Formation of the thin air-blood barrier is a crucial event forformation of the air-blood interface. Insufficient gas exchange,

gas exchange and hence crucial for survival. Ultrastructurdherefore, may have resulted in perinatal death of the mutant

analysis of four individual1lll4-deficient embryos at 18.5 dpc animals.

demonstrated that only ~10% of the prealveolar sacculi had

formed, when compared with controls. In addition, when the

air-blood barrier of the homozygotes had formed, the basemeR{SCUSSION

membranes showed severe abnormalities, while in the wild o ] o o

type, endothelial and epithelial cells were separated by a fusddie laminin-nidogen interaction is not a prerequisite

basement membrane (Fig. 9A-C). The alveolar basemeffr basement membrane formation

membranes were apparently normal in 30% of the mutanBuring embryonic development, laminin 1 and nidogen 1 are

(Fig. 9B), whereas only amorphously deposited material wafirst expressed at the four- and 32-cell stages, respectively
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including a high-affinity interaction to the perlecan core
protein (Hopf et al., 1999). The finding that normal
immunoreactivity was only apparent in a few basement
membrane structures, strongly argues that nidogen 1 is
preferably integrated into basement membranes via laminins
containing theyl chain.

It has previously been shown that inactivation of el
gene in mice an€. elegandid not interfere with basement
membrane formation and the animals are viable and were
fertile (Murshed et al., 2000; Kang and Kramer, 2000). Yet,
compensation by nidogen 2, which has a highly homologous
domain structure and binding repertoire (Kohfeldt et al., 1998),
might be the reason for the lack of phenotyp#licil mutant
mice (Murshed et al., 2000), and, vice versa, the same may be
true for mice with a mutation iNid2 (Mitchell et al., 2001).
Although human nidogen 2 binds with only low affinity to the
nidogen 1-binding site within the laminyl chain (Kohfeldt
et al., 1998), the murine homolog has now been shown to be
similar in binding affinity as nidogen 1 (T. Sasaki and R. Timpl,
personal communication). It will therefore be of interest to see
whether the double mutation of both genes reflects the
phenotype described here for the deletion of the nidogen-
binding site. Together, the genetic analyses supports the
conclusion that neither nidogen 1 (Murshed et al., 2000; Kang
and Kramer, 2000) nor, as shown here, its binding site on the
—200 lamininyl chain are crucial for basement membrane assembly
and function in most tissues. Only a few tissues, including the
cortex and neural tube, showed subtle discontinuities in
basement membranes and developmental abnormalities
(Halfter et al., 2002), arguing for a specific physiological
function of the laminin-nidogen interaction. However, we
Fig. 7. Analysis of basement membrane components in 18.5dpc  cannot exclude the possibility that other, presently unknown
tissues. Double-label immunofluorescence analysis (A-D) of nidogen fuinctions of the nidogen-binding module of the lamigin
(A,B) and nidogen 2 (C,D) in kidney sections demonstrates strongly chain might contribute to the described phenotype.
reduced levels of nidogen 1 immunoreactivity in the mutants (B),
whereas nidogen 2 (D) is normally present. (E,F) Localization of the The laminin-nidogen interaction is crucially
lamininyl chain to basement membrane structures is unaffected important for Wolffian duct growth
g‘;g&%?stgfer:t‘;';itt':gfgg};&g?r"’c‘)rr?]dllj‘g;htg?sztéglzég\a\}s(%g:nrgzgg?:mtGenetic data obtained from human diseases and transgenic
amounts of intact nidogen 1 in mutant lysates. LN, purified laminin- mice have implicated transcription and gr(_)wth factors, ceII_-
nidogen complex as control. Scale barpBoin A-F. surface receptors and extracellular matrix components in

metanephric development (Lechner and Dressler, 1997; Miller
and Brandli, 1999). Renal agenesis to a variable degree was

(Dziadek and Timpl, 1985). Although two additiolyathains  manifested by mutations in several of these genes. Perturbed
(Y2, y3) have been identified, the nidogen-bindjigchain is communication between cellular receptors and their respective
present in 10 out of 14 known laminin isoforms and in alligands on either the metanephric blastema or the ureteric bud
basement membranes. Furthermore, deletion ofitlthain in ~ have been suggested in null-mutations for the glial cell line-
mice resulted in early embryonic lethality (Smyth et al., 1999)derived neurotrophic factor, GDNF, and the tyrosine kinase
but did not allow the determination of the function of thereceptor Ret (Lechner and Dressler, 1997), as well as in
laminin-nidogen interaction. The potential of nidogen 1 tointegrin a8-deficient mice (Muller et al., 1997), leading to
bridge the laminin and collagen IV networks (Fox et al., 1991ylefective metanephric kidney induction. However, renal
and the impaired branching morphogenesis in kidney and luregenesis in the absence of the laminin-nidogen 1 interaction is
organ cultures in the presence of antibodies that interfere witlue to defects in Wolffian duct elongation and therefore
the laminin-nidogen interaction (Ekblom et al., 1994; Kadoyamanifests earlier during development.
et al., 1997), have led to the proposal that the laminin-nidogen The Wolffian duct develops from the intermediate mesoderm
interaction is involved in orchestrating the basement membrarand gives rise to parts of the male genital system. In agreement
assembly process. with a primary defect in Wolffian duct growth, vas deferens

The poor retention of nidogen 1 in the majority of basemerdind the seminal vesicles in male mutant embryos were missing,
membrane structures ofllll4-deficient tissues was not while the testes were normally present. The female genital
expected, although the protein level determined was normdtacts originate from the Mullerian duct, which forms later in
Nidogen 1 has a highly versatile binding repertoire for othedevelopment in parallel to the Wolffian duct, and its growth
basement membrane components (Timpl and Brown, 1996Nas shown to be dependent on an inductive influence of the
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former (Jacob et al., 1999). In support of these dat:
found both ducts to be blind-ending in the urogenital 1
in 13.5 dpc embryos and the female mutants to lac
uterus and occasionally the oviduct.

The Wolffian duct develops in the absence of the lam
nidogen interaction, excluding its contribution to the
mesenchymal-to-epithelial transition that occurs in Kic
development (Saxen, 1987), but its growth caudally tov
the cloaca is inhibited. A similar phenotype was desc
for the targeted ablation of Pax2, a member of the p:
box family of regulatory transcription factors. Adlll4-
deficient micePax2mutants fail to form parts of the gen
tract and the ureteric bud (Torres et al., 1995), suggt
that growth of the Wolffian duct is affected in a simr
manner. One possibility therefore is that deletion of
nidogen-binding site interferes with Pax2 expression il
epithelial tube. Yet, normal immunostaining of Pax2 in
mutant Wolffian duct indicates that it is not affected thrc
the deletion.

Although we do not know the detailed mechar
responsible for the phenotype of odill4 mutants, thes
mice now provide a model system to further
understanding of Wolffian duct growth and elongal
which has long been a subject of interest because
central position in urogenital development. Once formec
duct progressively elongates; so far two mechanisms
been proposed for this process: one suggests auton
growth through cell proliferation at the tip of the d
whereas a second model proposes that mesenchymz
are continuously added by an epithelial transition (Si
1987). The data presented here provide evidence
Wolffian duct elongation through autonomous
proliferation at its growing tip can be excluded. First of
the number of BrdU-positive cells were similar in mice \
the nidogen-binding site deletion as in controls, and di
accumulate at the tip of the growing duct, but unifol
spread over the length of the duct as it has been des
in amphibians (Overton, 1959), indicating that
underlying mechanisms are not due to reduced
proliferation. Strikingly, however, we identified subtle Ic
ruptures in the basement membrane close to the tip
duct that may well interfere with duct elongation. Nido¢
binding to laminin could modulate the conformatior
laminin or affect the spatial relationships between base
membrane components, which facilitate their intera
with cellular receptors. We therefore propose that the Ic
restricted discontinuities seen in basement memb
around the Wolffian duct are due to a perturbed cell-n
interaction, which in turn interferes with signaling casc
necessary to induce the genetic program to
mesenchymal cells.

The function of the laminin-nidogen interaction for
epithelial branching morphogenesis in kidney and
lung

Fig. 8.Histology of lung tissue frongllll4-deficient embryos.
Representative sections of the lungs of mutant (B,D,F,H) and control
(A,C,E,G) embryos through comparable regions are shown. Note the
smaller and more compact size of the mutant lung (B) compared with
controls (A) at 18.5 dpc. At higher magnification, it is apparent that the
alveoli (asterisk) iryllll4-deficient embryos (D) are only poorly
developed with marked mesenchymal thickening around the terminal air
spaces compared with wild type (C). At 13.5 dpc, no apparent
differences in lung development are visible in mutant (F) when
compared with wild-type (E) embryos. Staining for surfactant protein C
demonstrates that differentiation of airway epithelial precursor cells is
not defective (G,H). Br, Bronchiole; H, heart; L, lung. Scale bars: 1 mm
in A,B; 250um in C,D; 100um in E,F; 50um in G,H.

recruivith a mesenchymal thickening of the distal airspaces.

Consequently, a respiratory problem caused with high
probability the death of all the mutant pups. Interestingly, a
similar phenotype has been reported in the absence I GF
(Kaartinen et al., 1995). The phenotype in PSfeficient
mice has been correlated with reduced number of airway

The laminin-nidogen interaction has been suggested to lgrecursor cells (Shi et al., 1999). Although we identified these
crucial for epithelial branching morphogenesis in generatells inyllll4-deficient lungs by staining for SP-C, a detailed

(Ekblom et al., 1994; Kadoya et al., 1997). Our data indicatstatistical analysis at different developmental stages is required
that early branching morphogenesis of the lung is not disturbdd determine whether they are formed in similar numbers as in
in the absence of the laminin-nidogen interaction. Howevewvild type. Ultrastructural analysis demonstrated that the
shortly before birth, the lungs were only poorly inflated,majority of the distal airspaces in the mutants were uninflated,
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al., 1997). Similarly, a minority of thgllll4-deficient animals
displayed metanephric development, which may be due to
either intact or regenerated basement membranes along the
Wolffian duct at crucial stages of development. However, the
number of tubuli and glomeruli in the mature part of the cortex
in 18.5 dpc mutant kidneys was reduced even in those mutants
in which induction of the metanephric blastema and branching
of the ureteric bud proceeded without any obvious defects.
Inhibition of the laminin-nidogen interaction by antibodies led

to reduced tubulogenesis in an in vitro organ culture model,
although in contrast to the present observations in vivo,
basement membranes were largely distorted in the in vitro
analysis (Ekblom et al., 1994). Thus, although the basement
membrane architecture in thgllll4-deficient kidneys
appeared normal, it is tempting to speculate that locally
restricted and transient basement membrane ruptures also
occur during kidney morphogenesis, resulting in the
differentiation defect.

Unexpectedly, the bladder of the mutant animals was empty
even when kidneys had developed. The histological analysis
in male mice demonstrated that the ureter failed to open into
the bladder but instead stayed connected aberrantly either to
Fig. 9. Ultrastructural analysis of the elongating Wolffian ductand  the vas deferens or the epididymis, both derivatives of the
lung. Ultrastructural analysis demonstrates a well-developed — \ypffian duct. The cysts seen in these kidneys are therefore
basement membrane separating the air-blood space of the alveoli likely to be secondary to a defect in urine outflow. These

(arrows) in control tissue (A) at 18.5 dpc. In the mutant lungs, S .
normal (B), amorphously deposited (C) and missing (B) basement results also indicate that the reduction of the glomerular tufts

membranes are present (arrows). Note the cell protrusion when IS attributed to increased pressure through a tailback of the
basement membranes are missing (B). At 10.5 dpc, basement ~ Urine, rather than by a primary defect in mesangial cells as
membranes of the elongating Wolffian duct show discontinuites ~ described inPdgfb mutant mice (Leveen et al., 1994), and
(asterisk) next to normal electron dense structures (arrows) in the their GBM may rupture because of mechanical stress.
mutant (E) when compared with controls (D). ery, erythrocyte. Scalelnterestingly, this phenotype resembles congenital anomalies
bars: 100 nm in A-C; 50 nm in D,E. of the kidney and urinary tract (CAKUT) found in humans and
mice (Pope et al., 1999). An abnormal ureter connection in
conjunction with a hydronephric kidney has been reported for
disorganized structures containing epithelial and mesenchymhaéterozygous Bmp4 mutant mice (Miyazaki et al., 2000). In
cells. Strikingly, those sacculi that had formed the alveolathese mice it is suggested that a deficit in BMP4 levels inhibits
basement membranes showed severe abnormalities, beinganching of the ureterovesicle junction into the cloaca as a
either amorphously deposited or absent. There are severabkult of impaired elongation of the ureter (Miyazaki et al.,
potential explanations for this finding. A perturbed laminin-2000). This model is reminiscent to the growth defect of the
nidogen interaction could result in a differentiation deficit ofWolffian duct in the urogenital ridge in thglll4 mutant
airway precursor cells into type Il and type | alveolaranimals. We therefore propose that a similar mechanism to
pneumocytes, or, alternatively, might interfere with theirthat described above leads to the aberrant ureter fusion.
polarization. Cell contact with basement membranes has beétowever, we cannot exclude at the moment that the absence
suggested to be regulatory for sorting proteins to the apical of the laminin-nidogen interaction causes subtle changes in
basolateral surfaces (Rodriguez-Boulan and Nelson, 1989). the supramolecular organization of basement membranes,
possible scenario could therefore be that in the mutants, celithich then in turn could interfere with the sequestration of
surface receptors are wrongly translocated to the apical surfad&MP4 or other growth and morphogenetic factors, or that
and subsequently basement membrane assembly and formatspecific unknown physiological functions exist for the
of the air-blood barrier cannot take place. Further studies withidogen-binding module11114 of the lamininyl chain
in vitro lung organ cultures will be needed to distinguish
between these possibilities. The authors thank Drs J. W. Fox, J. A. Whitsett and K. Rajewsky
Stochastic events are most likely to be behind observatiorigr their generous gifts of antibodies and selection cassettes; Dr A.
that a proportion of mice with inactivated genes can to somiagy for providing R1 embryonic stem cells; and H. Wiedemann for
extent overcome developmental problems. For exampléotary shadowing electron microscopy. We gratefully acknowledge
deficiencies for the integrio4 anday subunits or perlecan, N excellent technical assistance by H. Alberty-Hornberger, V. van
have independent lethal phenotypes at different development2§/den and M. Reiter, and thank Dr D. Edgar for critical reading the
. L . lanuscript and helpful discussion. N. S. is funded by the
stages, depending on the individual animal (Yang et al., 199

- yundesministerium fur Bildung und Forschung in the framework of
Bader et al., 1998; Costell et al., 1999). Furthermore, variablge centre for Molecular Medicine Cologne. This work was

penetrance of impaired kidney development has beegupported by the Deutsche Forschungsgemeinschaft (Ma 1707/1-1
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