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Development of the embryonic kidney results from reciprocal signaling between the ureteric bud and
the metanephric mesenchyme. To identify the signaling molecules, we developed an assay in which
metanephric mesenchymes are rescued from apoptosis by factors secreted from ureteric bud cells (UB
cells). Purification and sequencing of one such factor identified the tissue inhibitor of metallopro-
teinase-2 (TIMP-2) as a metanephric mesenchymal growth factor. Growth activity was unlikely due to
TIMP-2 inhibition of matrix metalloproteinases because ilomastat, a synthetic inhibitor of these
enzymes, had no mesenchymal growth action. TIMP-2 was also involved in morphogenesis of the
ureteric bud, inhibiting its branching and changing the deposition of its basement membrane; these
effects were due to TIMP-2 inhibition of matrix metalloproteinases, as they were reproduced by iloma-
stat. Thus, TIMP-2 regulates kidney development by at least 2 distinct mechanisms. In addition, TIMP-
2 was secreted from UB cells by mesenchymal factors that are essential for ureteric bud development.
Hence, the mesenchyme synchronizes its own growth with ureteric morphogenesis by stimulating the

secretion of TIMP-2 from the ureteric bud.

J. Clin. Invest. 103:1299-1307 (1999).

Introduction

The adult nephron derives from 2 distinct embryonic tis-
sues, the ureteric bud (a branch of the wolffian duct)
and an area of intermediate mesoderm called the
metanephric mesenchyme. The ureteric bud invades the
metanephric mesenchyme, where it branches, grows, and
develops into the collecting duct. Concomitantly, the
metanephric mesenchyme grows, converts to epithelia,
and develops into the rest of the nephron.

The ureteric bud and metanephric mesenchyme are
codependent for survival and development. For example,
when metanephric mesenchymal development is defec-
tive (1), the ureteric bud fails to grow and branch. Con-
versely, when ureteric invasion is defective (2-5) or when
the ureteric bud is surgically removed, the mesenchyme
dies by apoptosis (6, 7).

The ureteric bud regulates the development of the
metanephric mesenchyme by stimulating both its pro-
liferation and its conversion to epithelia (8), a process
that has been termed “induction” of the mesenchyme
(9, 10). To date, identification of the molecules respon-
sible for this induction has been difficult, primarily
because the 2 tissues are codependent for survival. For
example, failure of mesenchymal development after
deletion of a ureteric molecule does not establish that
it is a mesenchymal regulator, because it is possible
that the molecule is required for ureteric bud develop-
ment and that failure of mesenchymal induction is
secondary. Furthermore, many molecules active in

renal development are either expressed by both mes-
enchyme and the ureteric bud (e.g., bone morphogenic
protein-7; ref. 11) or have receptors in both compart-
ments (e.g., hepatocyte growth factor receptor, c-met;
refs. 12, 13). Manipulation of such molecules in the
kidney cannot establish whether they directly regulate
mesenchymal induction.

To identify molecules that are produced by the ureteric
bud and induce the metanephric mesenchyme, we have
separated these 2 tissues and have treated isolated mes-
enchymes with proteins secreted by immortalized
ureteric bud cells (UB cells; ref. 8). These cells express
many proteins typical of the ureteric bud. More impor-
tantly, medium conditioned by UB cells stimulates
mesenchymal growth (8, 14) and induces mesenchymal-
to- epithelial conversion (8). By examining the activity of
conditioned medium to stimulate growth of isolated
metanephric mesenchymes, we have now purified to
homogeneity the tissue inhibitor of metalloprotein-
ase-2 (TIMP-2) and identified it as a metanephric mes-
enchymal growth factor.

We also found that TIMP-2 is secreted from UB cells
in response to mesenchymal proteins that regulate
ureteric bud development and that TIMP-2 inhibits
branching of the ureteric bud. Thus, TIMP-2 has actions
in both compartments of the embryonic kidney and is
a mediator of the reciprocal interactions that coordinate
development of the 2 embryonic tissues fated to become
the mature kidney.
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Figure 1

Isolation of TIMP, a metanephric mesenchymal growth factor, from medium conditioned by UB cells. Medium conditioned by UB cells was fraction-
ated by heparin-Sepharose chromatography (a). Three peaks of activity were found (100 g of each fraction was assayed), and fractions 30-40 were
pooled and further purified by a Mono Q anion exchanger (b). Active fractions (fractions 42-48; 10 g of each fraction assayed) were pooled and fur-
ther purified by phenyl-Sepharose hydrophobic interaction chromatography (c). Activity copurified with a single protein that we purified to homo-
geneity by Superdex-75 gel filtration (d). In c and d, 10% volume of each fraction was assayed for [3H]thymidine incorporation.

1300

Methods

Isolation of TIMP-2. UB cells were grown to 90% confluence in
T-150 flasks (Corning-Costar Corp., Acton, Massachusetts,
USA) in MEM (GIBCO BRL, Grand Island, New York, USA)
with 10% FCS (HyClone Laboratories, Logan, Utah, USA). The
medium was then withdrawn, and the cells were rinsed in
MEM and incubated for 24 hours in serum-free MEM. This
medium was then discarded, and the cells were cultured in
fresh serum-free MEM for 3 days. At the end of 3 days, the
medium was collected, centrifuged at 800 g for 5 minutes, and
filtered (0.22 pm) to remove debris. Twenty liters of serum-free
conditioned medium containing 600 mg of protein was col-
lected in total and concentrated on YM-10 filters (Amicon,
Bedford, Massachusetts, USA).

Conditioned medium was fractionated by sequential
heparin-Sepharose chromatography (buffer A: 10 mM NaPO,
[pH 7.0]; buffer B: 2 M NaCl, 10 mM NaPOj, [pH 7.0]), anion
exchange chromatography (Mono Q; buffer A: bis-Tris [pH
7.2]; buffer B: 1 M NaCl, bis-Tris [pH 7.2]), hydrophobic inter-
action chromatography (Phenyl-Sepharose PC Smart Col-
umn; buffer A: 1.7 M NH4SO4, 50 mM NaPO, [pH 6.85];
buffer B: 50 mM NaPO, [pH 6.85]), and gel filtration chro-
matography (Superdex 75 PC Smart Column; buffer: 150 mM
NaCl, 50 mM NaPO, [pH 7.8], 10% sucrose). The columns
were manufactured by Pharmacia Biotech Inc. (Piscataway,
New Jersey, USA).

To locate mesenchymal growth activity, aliquots of every
fraction from each column were assayed after washing each 5
times on Microcon-10 filters (Amicon) in PBS [pH 7.4] and
then adding the aliquot to 4 metanephric mesenchymes. The
mesenchymes were dissected from embryonic day 13 (E13) rat
kidneys as described (8, 14) and placed on Costar transwell fil-
ters (Corning-Costar Corp.) in MEM with 10% FCS. The best

response to fractions of conditioned medium was found using
Costar collagen-coated transwell filters (Costar catalog no.
3425; Corning-Costar Corp.). Mesenchymes cultured in MEM
with 10% FCS, without other additions, served as controls.
These tissues underwent apoptosis within 12-24 hours of iso-
lation (8, 14) and disintegrated and were lost from the filter
after 48 hours of culture.
Rescue of mesenchymes from apoptosis was assessed both by
[*H]thymidine incorporation (10 pCi/mL culture medium) and
by visual assessment of mesenchymal size at 48 hours of incu-
bation, as described previously (8, 14). The visual assessments
of mesenchymal survival and [*H]thymidine incorporation
were always in complete concordance.
The same assay was used to test the effect of a metallopro-
teinase inhibitor on mesenchymal growth. In 6 independent
experiments, 3-4 mesenchymes were treated with N-[(2R)-2-
(hydroxamido-carbonylmethyl)-4-methylpentanoyl]-L-trypto-
phan methylamide (GM6001, or ilomastat; AMS Scientific,
Pleasant Hill, California, USA; refs. 15-17) in doses ranging
from 0.04 to 25 pm. N-t-butyloxycarbonyl-L-leucyl-L-trypto-
phan methylamide (GM1210; AMS Scientific) served as a con-
trol for ilomastat. The activity of ilomastat against gelatinases
of the metanephric mesenchyme was demonstrated by zymog-
raphy (18) using commercially prepared gels (Bio-Rad Labora-
tories Inc., Hercules, California, USA). Each lane of the zymo-
gram contained proteins from 3 metanephric mesenchymes.
Ilomastat and GM1210 were dissolved in DMSO. DMSO had
no effect on the incorporation of [*H|thymidine in isolated
metanephric mesenchymes when used at dilutions comparable
to those used in treatments with ilomastat.
Identification of TIMP-2. Protein from the gel filtration column
was transferred to nitrocellulose paper from a 10% SDS-PAGE
gel. Peptides were generated from the nitrocellulose-bound pro-
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Figure 2

Isolation of TIMP-2. Silver stain of SDS-PAGE gel of medium conditioned
by UB cells, and active fractions from the heparin-Sepharose, anion
exchange (2 Hg each), hydrophobic, and gel filtration chromatographies
(5% volume each).

tein by in situ tryptic digestion (19) and fractionated by reverse-
phase HPLC using a 0.8-mm Vydac C18 column (custom
packed by LC-Packings, San Francisco, California, USA; ref. 20).
Selected peak fractions were then analyzed by a combination of
delayed extraction matrix-assisted laser desorption and ioniza-
tion reflectron time of flight mass spectrometry (MALDI re-
TOF MS) (REFLEXIII; Bruker-Daltonik GmbH, Bremen, Ger-
many) and automated Edman sequencing (477A; Applied
Biosystems, Foster City, California, USA; refs. 21, 22). Partial
peptide sequences were compared with entries in both the
nonredundant (nr) and dbEST databases from the National
Center for Biotechnology Information using the BLAST pro-
gram (23). When matches with TIMP-2 were found, mass analy-
sis of several more peptides was done and the results compared
with the published sequence by mass-fitting (using Pep-
tideSearch software developed by Matthias Mann, European
Molecular Biology Laboratory, Heidelberg, Germany).

RT-PCR for TIMP-2. Poly(A) RNA was prepared from 500
ureteric buds and 200 isolated mesenchymes using RNAzol B
(Tel-Test Inc., Friendswood, Texas, USA) followed by selection
of poly(A) RNA with oligo(dT) beads (Oligo-Tex; QIAGEN Inc.,
Santa Clarita, California, USA). RNA was reverse transcribed
with a GeneAmp kit (Perkin-Elmer, Foster City, California, USA)
in Hot Start tubes (MBP, San Diego, California, USA) for 35
cycles. Primers for rat TIMP-2 were selected using the
Prime program (Genetics Computer Group, University of
Wisconsin, Madison, Wisconsin, USA). Primer 1 product was
352 bp, forward: 5'-AAAGCAATGAGCGAGAAGGAG,; reverse:
5'-AGCATGGGATCATAGGGCAG. Primer 2 product was
348 bp, forward: S'-CAAAGGACCTGACAAGGAC; reverse:
5'-TTGATGCAGGCAAAGAAC. Products of each primer set
were sequenced.

Immunocytochemistry. E13 kidneys were grown in culture for
2 days on transwell filters (Costar catalog no. 3493; Corning-
Costar Corp.) and then fixed in 4% paraformaldehyde, rinsed
with 50 mM NH,4Cl, and permeabilized with saponin (0.075%)
for 5 minutes. Tissues were blocked with 10% FCS (a sample
without TIMP) and stained with rabbit anti-rat TIMP-2

(BioSource International, Camarillo, California, USA) at 20
Hg/mL. For detection of Dolichos biflorus binding sites, the
same procedure was followed, except that gelatin (1%) served
as the blocking reagent and staining with lectin (40 pg/mL;
Vector Laboratories, Burlingame, California, USA) was per-
formed at 37°C for 30 minutes. For immunodetection of col-
lagen IV, tissues were fixed in methanol (-20°C) for 5 minutes
and stained with rabbit anti-mouse collagen IV (1:2,000;
BIODESIGN International, Kennebunk, Maine, USA) using
10% FCS for blocking.

For immuno-electron microscopy (immuno-EM) of TIMP-2,
freshly dissected E14 kidneys were fixed in 4% paraformalde-
hyde, 0.2% glutaraldehyde, 20 mM NaPO, [pH 7.0], washed
with NH4Cl, and embedded in LR White (Earnest F. Fullam,
Inc., Schenectady, New York, USA). Thick sections of the kid-
neys were first made to find complete, T-shaped ureteric bud
branches. To define the tip of a ureteric branch, tissues were sec-
tioned until the presumptive tip just began to recede. The sub-
sequent thin section was then stained for TIMP-2 as described
above. Controls included nonimmune rabbit sera instead of
anti-TIMP-2, using secondary antibodies only, and incubating
EM grids with excess TIMP-2 that competed for staining. Gold
particles were counted along the basal surface of the ureteric
buds per linear micrometer.

Secretion of TIMP-2 by UB cells. UB cells (5 % 10%) were plated
in 6-well plates (Costar catalog no. 3516; Corning-Costar
Corp.) and grown for 4 days. Cells were then washed 3 times in
serum-free MEM and treated at 37°C or 4°C with fibroblast
growth factor-1 (FGF-1), glial cell-derived neurotrophic factor
(GDNF), and FGF-7 (100 ng/mL; R&D Systems Inc., Min-
neapolis, Minnesota, USA), or with MEM only. Equal volumes
of medium were then subjected to reverse zymography (24),
and the amount of TIMP-2 present in the medium from 1-30
minutes was quantitated by laser densitometry. The experi-
ment was repeated 4 times from new plates of UB cells and the
data analyzed by ANOVA.

Other assays. TIMP-2 was detected in dissected ureteric buds
and mesenchymes by reverse zymography using 2 Hg total
protein of each sample (24). This assay is approximately 20-50
times more sensitive to TIMP-2 than to TIMP-1, as judged by
loading equal amounts of purified TIMP-1 and TIMP-2
(Boehringer Mannheim Biochemicals, Indianapolis, Indiana,
USA; ref. 24). Recombinant TIMP-2 (rTIMP-2) was obtained
from Calbiochem-Novabiochem Corp. (San Diego, California,
USA) and was purified by sequential immunoaffinity, gel fil-
tration, and anion exchange chromatography according to
the manufacturer’s instructions. A few experiments were also
done with TIMP-2 (Boehringer Mannheim Biochemicals),
which was isolated from a melanoma cell line. These 2 com-
mercial preparations of TIMP-2 had identical actions to
TIMP-2 isolated from UB cells. The TIMP-2 concentration in
all preparations was assessed by reverse zymography. The
rTIMP-2 was denatured by reduction and alkylation as
described (25, 26).

GDNEF was detected in 30 E13 mesenchymes treated with
rTIMP-2 (2 pug/mL) for 2 days, using immunoblots with anti-
GDNF antibodies (R&D Systems Inc.).

Results

Identification of TIMP-2, a wureteric protein that rescues
metanephric mesenchymes from apoptosis. In tissue culture
medium, isolated rat metanephric mesenchymes of E13
rats initiate apoptosis within the first 24 hours (6, 7) and
involute over the following 24 hours. In contrast, treat-
ment of mesenchymes with medium conditioned by UB
cells induces visually obvious growth of the tissue and
enhances [*H|thymidine incorporation (8, 14).
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Figure 3

Rescue of isolated E13 metanephric mesenchymes from apoptosis by
TIMP-2. Metanephric mesenchyme involutes (a) and is replaced by apop-
totic bodies (c) when cultured for 48 hours in tissue culture medium
(MEM with 10% FCS). In contrast, the addition of rTIMP-2 (2 pg/mL)
rescues metanephric mesenchymal cells from apoptosis (b). Compared
with mesenchymes incubated in basal medium, few apoptotic bodies are
found when rTIMP-2 is included (d). Scale bars in a and b: 125 pm. Scale
barsincandd: 10 um.
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Figure 4

Location of TIMP-2 in embryonic kidney. (a) Reverse zymography of isolated E13 mesenchymes and ureteric buds showing prominent localization
of TIMP-2 antiprotease activity in the ureteric compartment. (b and c) Confocal microscopy of TIMP-2 immunofluorescence; a three-dimensional
X-Y projection of serial cuts through the kidney. TIMP-2 immunoreactivity (green = fluorescein) is found in the condensed metanephric mesenchyme
but not in mesenchymal cells that are more distant from the ureteric bud (arrows). Particularly prominent staining is found in the basement matrix
surrounding branches of the ureteric bud (arrowheads), which is defined by binding of D. biflorus, a lectin specific for the ureteric bud (red = rho-

damine). Scale bar in b: 140 um. Scale bar in ¢: 100 um.

Twenty liters of medium conditioned by UB cells (600
mg of protein) was fractionated by heparin-Sepharose
chromatography. Both [*H]thymidine incorporation
and the visual survival of isolated mesenchymes identi-
fied 3 separated peaks of activity (Figure 1a). The most
active of these peaks (eluting at 0.5 M NaCl) was further
fractionated by anion exchange (Figure 1b), hydropho-
bic interaction (Figure 1c), and gel filtration chro-
matographs (Figure 1d). This yielded a single 23-kDa
protein (Figure 2) that stimulated [*H]thymidine incor-
poration and rescued isolated metanephric mes-
enchymes from apoptosis (Figure 3).

Mass spectroscopic analysis and sequencing of tryptic
peptides identified the protein as TIMP-2, a protease
inhibitor. We confirmed that TIMP-2 is able to rescue iso-
lated metanephric mesenchymes from apoptosis by using
2 additional preparations of TIMP-2 (see Methods). In
these experiments, the EDsy of rTIMP-2 was 2 nM (n = 5).
Saturating concentrations of either rTIMP-2 (40 nM) or
TIMP-2 isolated from UB cells stimulated [*H]|thymidine
incorporation 2- to 4-fold. The growth activity of rTIMP-2
was abolished by denaturing the protein. Rescue of mes-
enchymes from apoptosis was also stimulated by rTIMP-1
(not shown). These data demonstrate that TIMP proteins
are able to rescue metanephric mesenchymes from apop-
tosis and are in agreement with prior demonstrations that
TIMP proteins stimulate growth of a variety of cell lines
(17,25, 27-30).

To determine whether TIMP-2 stimulated mesenchymal
growth as a result of its antiprotease activity, we examined
the effect of ilomastat (GM6001; refs. 15-17), a matrix met-
alloproteinase inhibitor. First, using zymography, we found
that ilomastat (at dosages as low as 0.04 H{M) was active
against proteases present in the metanephric mesenchyme,
whereas a control compound, lacking antiprotease activity,
permitted prominent gelatinolytic activity at 64 kDa, an
activity previously reported in metanephric mesenchymes
(31). However, despite its activity against metanephric met-
alloproteinases, ilomastat did not stimulate [*H]thymidine
incorporation in isolated mesenchymes (8 individual doses
ranging from 0.04 to 25 UM were tested; 7 = 6 independent
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Secretion of TIMP-2 from UB cells is stimulated by mesenchymal proteins that regulate growth and branching of the ureteric bud. (a) UB cells con-
tain immunoreactive TIMP-2. (b) Constitutive secretion of TIMP-2 from UB cells in culture. UB cells were incubated in serum-free MEM, and aliquots
collected at the indicated times were assayed by reverse zymography for TIMP-2. (c) Secretion of TIMP-2 is stimulated by GDNF and FGF-7 (100
ng/mL; P < 0.02) but not by FGF-1 (100 ng/mL). At 4°C, both basal and stimulated secretion of TIMP-2 are abolished. Quantification of TIMP-2
secretion was derived from laser densitometry of reverse zymograms. The curves are averaged from 4 independent experiments and analyzed by
ANOVA. Scale bar in a: 100 pm.

assays). These data indicate that an inhibitor of many
matrix metalloproteinases (15), including metanephric pro-
teases, has no growth-promoting activity in metanephric
mesenchyme. We conclude that while some of TIMP-2’s
mesenchymal growth activity may be due to matrix metal-
loproteinase inhibition, other mechanisms of growth
stimulation are likely to be operative.

TIMP-2 in embryonic kidney. Because UB cells are
immortalized by SV40 T antigen and may express pro-
teins not normally found in the native ureteric bud, we
sought to confirm that TIMP-2 is expressed by the
ureteric bud during its invasion of the metanephric mes-
enchyme. Using RT-PCR in dissected ureteric buds and
mesenchymes, we found that both mesenchyme and
ureteric bud synthesized TIMP-2 (not shown).

To localize matrix metalloproteinases inhibitor activi-
ty of TIMP-2 in the developing kidney, we performed
reverse zymography using isolated E13 mesenchymes
and ureteric buds (Figure 4a). The assay demonstrated
that despite the synthesis of TIMP-2 in both the ureteric
bud and the metanephric mesenchyme, all detectable
TIMP-2 (and TIMP-1) activity was associated with the
ureteric compartment when the kidney initially forms at
E13. These data demonstrate that TIMP-2 is produced
and likely sequestered by the ureteric bud in vivo.

We further localized TIMP-2 using immunocytochem-
istry in embryonic kidneys. Consistent with the reverse
zymogram, the most intense staining was in the ureteric
bud, particularly at branches and clefts (Figure 4, b and
c; see Figure 9a). This is consistent with recently pub-
lished immunolocalizations of TIMP-2 in the embryon-
ic kidney (32). In the metanephric mesenchyme, staining
was evident in cells that surround the tips of the ureteric
bud, an area of intense proliferation (33) called the con-
densed mesenchyme. Mesenchymal cells more distal
from the ureteric bud were negative (arrows in Figure 4,
b and c). These results indicate that TIMP-2 may be a reg-
ulator of mesenchymal proliferation and ureteric branch-
ing in vivo. Because TIMP-1 can also rescue metanephric
mesenchymes from apoptosis, it may have similar activi-
ties as TIMP-2, although the expression and distribution

of TIMP-1 in the embryonic kidney is not yet established.

Secretion of TIMP-2 from UB cells is regulated by mesenchy-
mal proteins that regulate development of the ureteric bud.
Metanephric mesenchymal growth is synchronous with
UB invasion, and, as noted above, proliferating con-
densed mesenchymes that are rich in TIMP-2 surround
each tip of the invading ureteric bud. This suggests that
TIMP-2’s mesenchymal growth activity may be a mech-
anism linking ureteric invasion and metanephric
growth. To test this, we examined whether mesenchymal
factors that control ureteric development could also
induce the ureteric bud to secrete TIMP-2. UB cells (Fig-
ure Sa) and ureteric buds (not shown) show intracellular
storage as well as constitutive secretion of TIMP-2
(Figure 5b). GDNF (34), FGF-7 (35), and FGF-1 (14) are
produced by the metanephric mesenchyme, bind to
receptors in the ureteric bud as well as in UB cells, and
regulate ureteric growth and branching (2-5, 35-39).

+
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E13 metanephric
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Figure 6

GDNF in metanephric mesenchymal cells that were rescued from apop-
tosis by incubation with TIMP-2. GDNF was detected by immunoblots in

6 freshly isolated E13 mesenchymes (0 hours) and in 6 mesench

ymes

maintained in culture by rTIMP-2 for 48 hours (48 hours + TIMP-2). In
contrast, little reactivity remains in 6 untreated mesenchymes (48 hours).

Standard is 25 ng of recombinant rat GDNF.
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Figure 7

TIMP-2 inhibits ureteric branching in vitro. E13 kidneys were cultured for 4 days with rTIMP-2 (2 pg/mL), and the ureteric bud was then viewed with
D. biflorus lectin. Treatment with rTIMP-2 inhibits branching of the ureteric bud (b), as compared with kidneys cultured in basal medium (a). lloma-
stat (2 UM), an inhibitor of matrix metalloproteinases, also inhibited branching of the ureteric bud. Images are three-dimensional X-Y projections of
serial confocal cuts through the kidney. Scale bars: 300 pm.

When monolayers of UB cells were challenged with each
of these mesenchymal factors, GDNF and FGF-7
induced an immediate additional secretion of TIMP-2,
with a significant effect occurring by the first sampling
point of 1 minute (Figure Sc). In contrast, addition of
FGF-1 had no effect. Both the basal and stimulated
release of TIMP-2 were abolished at 4°C. These data sug-
gest that metanephric mesenchymes can alter their own
growth by releasing a secretory pool of TIMP-2 from the
ureteric bud. Furthermore, since the secretogogues of
TIMP-2 also regulate ureteric bud development, these
data provide a mechanism by which development of
these 2 tissues can be synchronized.

TIMP-2 maintains GDNF-expressing cells. Because secre-
tion of TIMP-2 from UB cells is stimulated by proteins
produced in the metanephric mesenchyme, such as
GDNF and FGF-7, we examined whether mesenchymal
cells expressing GDNF were among those rescued from
apoptosis by TIMP-2. As shown in Figure 6, mes-
enchymes incubated with rTIMP-2 contained readily
detectable GDNF, whereas it was only weakly detected in
the absence of rTIMP-2, suggesting that TIMP-2 con-

tributes to the viability of GDNF-producing cells. The
results raise the possibility of a positive-feedback loop
between the mesenchyme and ureteric bud that could
help synchronize the development of the 2 tissues.

TIMP-2 contributes to ureteric bud morphogenesis. Epithe-
lial morphogenesis in the developing breast, salivary
gland, mandible, and kidney is regulated by the
anti-matrix metalloproteinase activity of TIMP-1 (16,
31, 40-42). Moreover, our finding that mesenchymal fac-
tors that regulate ureteric development can induce secre-
tion of TIMP-2 suggests that this protein may also be
involved in ureteric bud morphogenesis.

To examine the role of TIMP-2 in the development of
the ureteric bud, we incubated explanted E13 kidneys
with rTIMP-2 and viewed the ureteric bud with the lectin
D. biflorus. We found that kidneys cultured with rTIMP-
2 (2 pg/mL) for 4 days had a 43% reduction in the num-
ber of ureteric bud tips compared with control kidneys
(n =23 for treated and control kidneys, P < 0.02; Figure
7,aand b). To determine whether inhibition of ureteric
bud branching by TIMP-2 might be due to its
anti-matrix metalloproteinase activity, we treated kid-

Figure 8

TIMP-2 enhances matrix deposition. E13 kidneys were cultured for 4 days with rTIMP-2 (2 pg/mL) and stained with antibodies to collagen IV. The entire ureteric
tree is stained by collagen IV antibodies after rTIMP-2 treatment (b), including tip regions (arrows), while only proximal parts of the ureteric bud are obvious-
ly ensheathed by collagen IV in control kidneys (a). A few tips of the ureteric bud are indicated (arrow). (c) Similar to the effect of rTIMP-2, treatment of E13
kidneys with ilomastat (2 UM) resulted in matrix deposition throughout the ureteric tree. X-Y projection of serial cuts through the kidney. Scale bars: 100 pum.

1304 The Journal of Clinical Investigation | May1999 | Volume103 | Number9



neys with the matrix metalloproteinase inhibitor iloma-
stat (15-17). Similar to the effect of TIMP-2, ilomastat
(2 M) inhibited branching by 53% when compared with
embryonic kidneys treated with a control reagent for ilo-
mastat, N-t-butyloxycarbonyl-L-leucyl-L-tryptophan
methylamide, which had no effect (n = 35 for each group,
P <0.001; Figure 7c).

We also found that TIMP-2 may alter the composition
of the basement membrane of the ureteric bud. Collagen
IV immunoreactivity in the basement membrane of the
ureteric bud was markedly enhanced in embryonic kid-
neys treated with rTIMP-2. Furthermore, in these kid-
neys collagen IV became detectable in the tips of the
ureteric bud (Figure 8, a and b), a site normally devoid of
basement membrane in vivo (43, 44). These effects of
TIMP-2 are likely due to its inhibition of metanephric
mesenchymal matrix metalloproteinases, because ilo-
mastat also stimulated matrix accumulation (Figure 8c),
even at the tips of the branches of the ureteric bud. The
control reagent for ilomastat had no effect (not shown).

Finally, by immuno-EM of the ureteric bud in vivo, we
found few anti-TIMP-2 gold particles at the tips of the
ureteric bud at the ureteric-mesenchymal interface, where-
as along branches and in clefts that separate the branches
of the bud, there were 2.4 + 0.3- and 3.7 + 0.9-fold (mean
+ SEM) more anti-TIMP-2 gold particles per micrometer,
respectively (P < 0.01; Figure 9). At these sites, TIMP-2 was
abundant in the basement membrane of the ureteric bud.
In contrast, at ureteric bud tips there was no basement
membrane and little TIMP-2 (Figure 9 and refs. 43, 44).

Taken together, these data suggest that TIMP-2, once
secreted from the ureteric bud, associates with its base-
ment membrane where, by inhibiting matrix metallopro-
teinases, it increases deposition of collagen IV and perhaps
other matrix constituents. This could inhibit further
branching of the bud and would be consistent with the
findings that TIMP can alter matrix composition in the
mammary gland (45). Lastly, the data are concordant with
the recent finding that GDNF, a secretogogue of TIMP-2,
enhances matrix deposition by ureteric buds (46).

Discussion

When the ureteric bud invades, the metanephric mes-
enchyme is composed of a few thousand cells. These cells
will produce over 10,000 nephrons in a 2-week period,
approximately a 1,000-fold increase in cell number (47).
In addition, many mesenchymal cells normally undergo
apoptosis (6, 7), suggesting that even greater degrees of
mesenchymal proliferation are required for normal
nephron development. This mesenchymal proliferation
is critically dependent on signals from the ureteric bud,
since removal of the bud from embryonic kidney leads
to fulminant mesenchymal apoptosis (6, 8, 14). To iden-
tify these signals, we have developed an in vitro assay that
measures the response of isolated metanephric mes-
enchymes to factors secreted by UB cell lines (8, 14).

We now report that UB cells secrete TIMP-2, which res-
cues isolated metanephric mesenchymes from apopto-
sis, and that TIMP-2 is produced by the ureteric bud in
vivo. In metanephric mesenchyme, we found that TIMP-
2 is prominently located in the area of proliferating mes-
enchymal cells that surround the tips of the ureteric bud.

Figure 9

TIMP-2 localizes to the basement membrane of the ureteric bud. (a)
Immuno-EM of E14 kidneys showing the localization of TIMP-2 to base-
ment membranes of a cleft between 2 branches of the ureteric tree. (b)
In contrast, little TIMP-2 is found at the tips of the ureteric bud, an area
devoid of basement membrane. Note the curvature of the basal surface
of the epithelia that define the tip of the ureteric bud. M, mesenchyme.
UB, ureteric bud. Scale bars: 200 nm.

Taken together, these data suggest that TIMP-2 secreted
by the ureteric bud is a metanephric mesenchymal
growth factor in vivo and that TIMP-2 participates in
determining the number of viable mesenchymal cells.
There are several mechanisms by which TIMP-2 could
regulate the growth of the mesenchyme. First, TIMP-2
could regulate mesenchymal growth by blocking prote-
olysis of matrix components important for cell survival
— such as entactin in the developing breast (45) and
fibronectin in cell cultures (17; see also ref. 48) — or by
blocking growth factors or growth factor receptors (49).
However, in metanephric mesenchyme, [*H]thymidine
incorporation was not enhanced by ilomastat (17, 30), a
synthetic matrix metalloproteinase inhibitor. Second,
TIMP-2 may activate a unique cell surface receptor that
directly stimulates growth. Evidence for this receptor
includes binding studies in cultured cells (50), rapid sec-
ond-messenger activation after the application of TIMP-
2 (29, 51), and site-directed mutagenesis that abolished
TIMP-1’s antiprotease activity but maintained its growth
action (52). Thus, while TIMP-2 clearly has anti-matrix
metalloproteinase activity in the embryonic kidney, the
mechanism of its growth activity is not yet clear. Identi-
fication of a unique receptor is needed to definitively
establish that TIMP directly stimulates growth.
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The metanephric mesenchyme grows in discrete
aggregates (condensed mesenchyme) that surround
each tip of the ureteric bud (33). This juxtaposition
requires synchronous development of the 2 tissues,
believed to be due to a process of reciprocal induction
between them. To date, however, no specific reciprocal
signaling pathways have been described in the kidney,
as they have in the developing limb bud (53, 54). We
previously found that FGF-2, which is expressed by the
ureteric bud and not by mesenchyme, stimulates the
growth of mesenchymal cells that, in turn, stimulate
branching of the ureteric bud (14). In the present work,
we describe a possible mechanism of reciprocal induc-
tion whereby mesenchymal proteins (such as FGF-7
and GDNF) that are essential for ureteric development
stimulate the secretion of a mesenchymal growth fac-
tor (TIMP-2) from ureteric epithelia. Since TIMP-2 is
able to promote the survival of at least 1 mesenchymal
cell type that signals to the ureteric bud, the findings
imply a positive feedback that could maintain mes-
enchymal signaling of the ureteric bud, and conse-
quently, ureteric signaling of the mesenchyme. We
speculate that this type of reciprocal induction could
enhance mesenchymal growth at specific sites, such as
the condensed mesenchyme (the location of the
GDNEF-synthesizing cells; ref. 34) that surrounds the
tips of the ureteric bud. The recent demonstration that
mesenchymal proteoglycans regulate expression of
Wnt-11 in the ureteric bud (33, 55) may define a third
reciprocal loop in the embryonic kidney, because Wnt-
11 is a secreted protein with likely, but unproven,
effects on the metanephric mesenchyme.

In addition to a role in coordinating mesenchymal
and ureteric development, our results suggest that
TIMP-2 has a direct role in ureteric morphogenesis.
First, we found that TIMP-2 is strikingly abundant in
nonbranching segments of the ureteric bud, where it
locates in the basement membrane. Furthermore, exoge-
nous TIMP-2 increased collagen IV deposition, even at
the invading tips, which are normally devoid of base-
ment membrane (43, 44), and it reduced ureteric
branching in embryonic kidney in vitro. The matrix
metalloproteinase inhibitor ilomastat recapitulated the
effect of TIMP-2 on both the branching of the bud and
the deposition of its matrix. Thus, as with TIMP-1 (31),
it appears likely that TIMP-2 regulates the morphogen-
esis of the ureteric bud by inhibiting matrix metallo-
proteinases and changing matrix composition at sites
where it accumulates. This conclusion is concordant
with experiments showing that the embryonic develop-
ment of many epithelial tubules is modified by TIMP
inhibition of matrix metalloproteinases (16, 31, 40-42).

In sum, our data suggest that factors essential for
ureteric development (such as GDNF and FGF-7) not
only enhance mesenchymal growth but regulate ureteric
morphogenesis, in part, by stimulating the secretion of
TIMP-2. That receptors for GDNF and FGF-7 (35) are
located in different parts of the ureteric bud suggests
that regional control of TIMP-2’s secretion may deter-
mine the sites of action of this branching inhibitor and
mesenchymal growth factor.
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