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Matrix metalloproteinases are matrix degrading en-
zymes implicated in many biological processes, in-
cluding development and inflammation. Gelatinase B
(gelB; also known as MMP-9) is expressed in the kid-
ney and is hypothesized to be involved in basement
membrane remodeling and in preventing pathogenic
accumulation of extracellular matrix in the kidney.
Inhibition of gelB activity in metanephric organ cul-
ture disrupts branching morphogenesis of the ure-
teric bud, suggesting that gelB plays a role in kidney
development in vivo. We studied kidneys of gelB-de-
ficient mice to search for developmental, histologi-
cal, molecular, ultrastructural, and functional de-
fects. Surprisingly, no differences between gelB2/2
and control kidneys were detected, and renal func-
tion was normal in gelB mutants. In addition,
gelB2/2 embryonic kidneys developed normally in
organ culture. Gelatinase B-deficient mice were bred
with Col4a32/2 mice, a model for Alport syndrome,
to determine whether gelB influences the progression
of glomerulonephritis. This is an important question,
as it has been hypothesized that proteases are in-
volved in damaging Alport glomerular basement
membrane. However, the presence or absence of gelB
did not affect the rate of progression of renal disease.
Thus, gelB does not have a discernible role in the
normal kidney and gelB is not involved in the pro-
gression of glomerulonephritis in a mouse model of
Alport syndrome. (Am J Pathol 2000, 157:303–311)

Matrix metalloproteinases (MMPs) are a large family of
zinc-requiring enzymes that degrade extracellular matri-
ces. They are expressed in a variety of tissue locations
pertinent to development, reproduction, health, and dis-
ease. Accordingly, MMPs are thought to be involved in
implantation, embryogenesis, normal matrix remodeling,

wound healing, tumor metastasis, angiogenesis, inflam-
mation, atherosclerosis, and emphysema.1–6

Gelatinases are MMPs first identified based on their
ability to cleave denatured collagen (gelatin). They in-
clude gelatinase A (gelA), also known as MMP-2 and
72-kd gelatinase, and gelatinase B (gelB), also known as
MMP-9 and 92-kd gelatinase. In addition to their gelatino-
lytic activities, gelA and gelB possess the ability to cleave
type IV collagen and entactin, which are major compo-
nents of all basement membranes, as well as other ex-
tracellular matrix molecules, including elastin and proteo-
glycans.6 Thus, gelA and gelB could be involved in both
normal and aberrant degradation or remodeling of base-
ment membranes in vivo.

Gelatinase B has garnered special attention for its
potential involvement in kidney development and dis-
ease. Several groups have documented expression and
localization of gelB in the developing, mature, and dis-
eased kidney.7–9 However, the expression patterns re-
ported for gelB during kidney development are conflict-
ing: in the mouse, gelB protein was detected in
metanephric mesenchyme,8 whereas in the rat, gelB was
associated with endothelial and mesangial cells.9 Gela-
tinase B is also expressed by a variety of kidney-derived
cells in vitro.10–12 Together, these studies suggest that
gelB could be involved in the branching morphogenesis
fundamental to renal development, in the vascularization
of glomeruli, and in the aberrant accumulation or break-
down of extracellular matrix that is associated with di-
verse renal diseases.

The hypothesis that gelB (as well as other MMPs)
could play an important role in the kidney is an attractive
one. The kidney is a basement membrane-rich organ that
relies on its basement membranes, especially the glo-
merular basement membrane (GBM), for proper function.
The mature GBM, a major component of the kidney’s
ultrafiltration barrier between the vasculature and the uri-
nary space, is the product of complex developmental
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transitions in expression and deposition of basement
membrane proteins.13–17 These transitions are character-
ized by the deposition of new components and the elim-
ination of old ones from the developing GBM, a remod-
eling process that could require MMPs.

Both gelB blocking antibodies and the tissue inhibitor
of metalloproteinase-1 (TIMP-1), a natural inhibitor of
gelB, inhibit ureteric bud branching in cultured embry-
onic mouse kidneys.8 TIMP-2, a natural inhibitor of gelA,
exhibits similar activity.18 It was concluded that gelB is
required for branching morphogenesis of the ureteric
bud in vitro.8 Insofar as metanephric organ culture is a
model for normal renal development,19 these results sug-
gest a crucial role for gelB in kidney development in vivo.
In support of this, ilomastat, an inhibitor of multiple MMPs,
also reduces ureteric bud branching in vitro.18

We have taken advantage of gelB-deficient mice to
investigate the necessity of gelB for kidney development,
structure, and function in vivo. These mice harbor a tar-
geted null mutation in Mmp9, the gene that encodes
gelB, and produce no active gelB. Gelatinase B2/2 mice
are viable and fertile but exhibit transient aberrant skele-
tal growth plate vascularization and ossification.20 Al-
though the long-term viability of gelB2/2 mice suggests
that there are likely no severe defects in kidney structure
or function, we thought it important to look for both subtle
and obvious kidney defects in a systematic fashion. In
addition, we considered the possibility that gelB plays an
important role in the progression of Alport syndrome, a
hereditary disease of collagen IV that affects the GBM
and leads to glomerulonephritis and renal failure.21–25 It
has been hypothesized that Alport GBM may be abnor-
mally susceptible to endoproteolysis by proteases nor-
mally found in the kidney.26 Because gelB is one such
protease, we determined the effects of its absence on the
progression of renal disease in a mouse model of Alport
syndrome.

Materials and Methods

Mating and Genotyping of Mice

Production of gelB2/2 and Col4a32/2 mice has been
described.20,27 For timed matings, noon on the day a
vaginal plug was found was considered ;E0.5. To pro-
duce gelB2/2; Col4a32/2 and gelB1/2; Col4a32/2
mice, gelB1/2 or2/2; Col4a31/2 females were mated
with gelB2/2 or1/2; Col4a32/2 males, respectively.
Mice were genotyped by Southern blot (for gelB) and by
PCR (for Col4a3) using DNA from tail biopsies. All proce-
dures were performed in accordance with Institutional
Animal Care and Use Committee regulations.

Organ Cultures

For zymography, E12.5 kidney pairs were removed from
each embryo and placed into 40 ml of medium.28 Organs
were incubated at 37°C for 48 hours. The medium was
harvested and 15 ml were subjected to zymography as
described.29 DNA was prepared from remaining portions

of the embryos for genotyping. For developmental anal-
yses, E12.5 to E13.5 kidneys were cultured on a Nucle-
pore filter (Whatman-Nuclepore, Tewksbury, MA) for sev-
eral days as previously described.28 Organs were
photographed daily to document their development.

RNA Preparation and Analyses

RNA was isolated from pooled embryonic and individual
adult kidneys as described.30 Twenty mg of wild-type
E15.5 tissue RNA or 50 mg of adult tissue RNA were
treated with 1.5 mg or 2.5 mg of RNase-free DNase I
(Promega, Madison, WI), respectively, in a buffer contain-
ing 40 mmol/L Tris, pH 7.9, 10 mmol/L CaCl2, 6 mmol/L
MgCl2, and 10 mmol/L NaCl at 37°C for 20 minutes. The
RNA was extracted once with phenol/chloroform (1:1)
then with chloroform, and then ethanol precipitated. Re-
verse transcriptase-polymerase chain reaction (RT-PCR)
was performed on 1 mg RNA with the GeneAmp RNA
PCR Kit (PE Applied Biosystems, Forest City, CA). Mock
reactions were done in the absence of RT. One half of
each reaction was amplified with gelA or gelB primers,
whereas the other half was amplified with glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) primers.
Gelatinase A primer sequences were 59-CTTTGCAG-
GAGACAAGTTCTGG-39 and 59-TTAAGGTGGTGCAGG-
TATCTGG-39 (701-bp product); gelB primer sequences
were 59-CCATGAGTCCCTGGCAG-39 and 59-ATGA-
CAATGTCCGCTTCG-39 (505-bp product); and the
GAPDH primer sequences were 59-CCATGTTTGTGAT-
GGGTGTGAACC-39 and 59-TGTGAGGGAGATGCT-
CAGTGTTGG-39 (712-bp product). The gelA cycling con-
ditions were as follows: 94°C for 1 minute; five cycles of
94°C for 20 seconds, 75°C for 1 minute; five cycles of
94°C for 20 seconds, 70°C for 1 minute; and 34 cycles of
94°C for 20 seconds, 62°C for 30 seconds, 72°C for 1
minute. Gelatinase B cycling conditions were as follows:
94°C for 1 minute; five cycles of 94°C for 20 seconds,
65°C for 1 minute; five cycles of 94°C for 20 seconds,
60°C for 1 minute; and 40 cycles of 94°C for 20 seconds,
50°C for 30 seconds, 72°C for 1 minute. GAPDH cycling
conditions consisted of an initial denaturation at 94°C for
1 minute, then 30 cycles of 94°C for 20 seconds and 65°C
for 1 minute.

Histological Analyses

For conventional histology, tissues were fixed in 4% buff-
ered formaldehyde, dehydrated, embedded in paraffin,
sectioned, and stained with hematoxylin and eosin (H&E)
and periodic-acid Schiff reagents. For electron micros-
copy, tissues were fixed in 2% glutaraldehyde/2% para-
formaldehyde/0.15 mol/L cacodylate buffer and pro-
cessed, embedded in plastic, sectioned, and stained by
standard methods in the Electron Microscopy Facility of
the Department of Cell Biology and Physiology, Washing-
ton University School of Medicine. For immunofluores-
cence, tissues were frozen fresh and sectioned at ;7 mm
on a cryostat. Antibodies were diluted in 1% (w/v) bovine
serum albumin in phosphate-buffered saline (PBS) and
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incubated on sections for 1 to 2 hours. After rinsing off
unbound primary antibody with PBS, secondary antibod-
ies were applied for 1 to 2 hours. Sections were rinsed
again and then mounted in glycerol-para-phenylenedia-
mine and observed with epifluorescent illumination.

Primary antibodies were as follows: rabbit anti-mouse
collagen a1(IV)/a2(IV) was purchased from Collaborative
Biomedical Products/Becton Dickinson Labware (Frank-
lin Lakes, NJ). Rabbit anti-mouse collagen a4(IV) and
laminin a5 have been described.14,15 Monoclonal rat an-
ti-mouse laminin-1 antibodies 5A2 and 8B331 were pro-
duced and generously provided by Dale Abrahamson,
University of Kansas Medical Center, Kansas City, KS.
These antibodies recognize laminin b1 and a1, respec-
tively.32,33 Fluorescein isothiocyanate and Cy3-labeled
secondary antibodies were purchased from ICN/Cappel
(Costa Mesa, CA) and Jackson ImmunoResearch Labo-
ratories (West Grove, PA).

Physiological Analyses

To obtain urine and blood at the time of sacrifice, mice
were first mildly anesthetized by inhalation of Metofane
(Mallinckrodt Veterinary, Mundelein, IL) and then deeply
anesthetized by an intraperitoneal injection of ketamine/
xylazine. Urine was obtained directly from the bladder by
aspiration and blood was obtained by cardiac puncture
from the right ventricle with a heparin-treated syringe and
27-gauge needle. Serum was obtained by microcentrifu-
gation of the blood at 7,000 rpm for 1 minute. Blood
creatinine and urea nitrogen concentrations and urinary
creatinine and protein concentrations were measured
with a Cobas Mira Plus analyzer (Roche, Somerville, NJ).

Results

Expression of Gelatinase B in Embryonic Kidney

Before proceeding with a detailed study of the effects of
gelB deficiency on kidney development and function, we
wished to confirm that in the mouse background we were
using, embryonic kidneys produced gelB. We also
wanted to ensure that gelB activity was absent in kidneys
from embryos that were genotypically gelB2/2 (as de-
termined by Southern analysis). To address both these
issues, we arranged timed matings of gelB2/2 females
with gelB1/2 males and isolated embryos at E12.5. Both
kidneys of each embryo were removed and cultured
together in 40 ml of medium for 48 hours. The medium
was harvested, and a 15-ml aliquot was subjected to
gelatin zymography to detect gelatinolytic activity. Neu-
trophil extract, which is rich in gelB proenzyme, was used
as a positive control. Medium conditioned by all gelB1/2
kidneys produced lysis bands corresponding to gelB
(;102 kd) and gelA (;60 to 64 kd triplet), but medium
conditioned by gelB2/2 kidneys produced only the gelA
triplet (Figure 1A). The intensity of the gelA bands did not
vary significantly between gelB1/2 and 2/2 lanes, sug-
gesting that there is no compensatory up-regulation of
gelA in the absence of gelB. The identification of the

triplet as gelA is based on the fact that the bands are
apparent in the gelB2/2 lanes and thus cannot result
from gelB activity.

Although we could detect ample gelB activity in media
conditioned by normal embryonic kidneys (in agreement
with Lelongt et al8), we could not detect activity in lysates
from freshly isolated E12.5 to E15.5 kidneys (data not
shown). To further assess expression of gelB, we pooled
kidneys from litters of normal E13.5 and E15.5 embryos
and prepared total RNA. The RNA was treated with
DNase and subjected to RT-PCR with gelB-specific prim-
ers, and we detected a band of the appropriate size (505
bp) at both ages (Figure 1B). Thus, gelB is expressed by
the embryonic kidney in vivo, and, taken together with the
protein data presented here and previously,8,9 it is plau-
sible that gelB could be involved in kidney development
in vivo. This would be consistent with the notion that
MMPs play roles in branching morphogenesis.

Kidney and Basement Membrane Structure in
Adult Gelatinase B2/2 Mice

The production of gelB2/2 mice by targeted mutagene-
sis presented the perfect opportunity to directly assess
the function of gelB in the kidney. Mice lacking gelB

Figure 1. Expression of gelA and gelB by embryonic kidney. A: Zymo-
graphic analysis of expression of gelA and gelB by gelB1/2 (C) and
gelB2/2 (M) cultured embryonic kidneys. Mutants did not express gelB. A
gelB 1/1 neutrophil extract (N) was rich in gelB. B: RT-PCR assay for gelB
mRNA in E13.5 and E15.5 control kidneys. Both were positive for the
appropriate-sized RT-dependent product. The lowest bands represent primer
background.
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exhibit transient delays in ossification of long bones,20

but they exhibit no other obvious abnormalities. Because
gelB is expressed in developing kidney and has been
implicated as being involved in kidney development in
vitro (Figure 1 and Refs. 8 and 9), we looked for structural
defects in adult kidneys of mice lacking gelB. The gross
appearance of whole kidneys from gelB2/2 mice did not
differ significantly from those of their gelB1/2 littermates
(data not shown), and histological analysis of renal archi-
tecture using H&E-stained paraffin sections failed to re-
veal any differences between mutant and control kidneys
(Figure 2 and data not shown). Furthermore, ultrastruc-
tural analysis of the GBM at several ages did not reveal
any defects in the gelB mutants (Figure 2 and data not
shown), suggesting that gelB is not involved either in
forming or maintaining a proper GBM.

Because gelB is thought to be involved in matrix deg-
radation and remodeling, we examined the distribution of
several extracellular matrix proteins in the basement
membranes of control and mutant adult kidneys. Base-
ment membranes in the mature kidney are heteroge-
neous, especially in terms of the laminin and collagen IV
isoforms that are found associated with the various func-
tionally and anatomically distinct nephron segments.34

For example, the laminin a1 chain is found primarily in

tubular basement membranes associated with proximal
tubules and loops of Henle, but it is absent from the GBM
and other tubular segments. In contrast, laminin a5 is
essentially ubiquitous in renal basement mem-
branes.15,16 Likewise, the collagen a3-a5(IV) chains are
found in the GBM and in a subset of tubular basement
membranes, whereas the collagen a1 and a2(IV) chains
are found in all tubular basement membranes, but are
absent from the GBM in mice.14 In mice lacking gelB, we
could detect no alterations from the norm in the distribu-
tion of collagen a1 and a2(IV), collagen a4(IV), laminin
a1, or laminin a5 (Figure 3 and data not shown).

Kidney Function in Gelatinase B2/2 Mice

Despite the fact that we could detect no gross structural
or molecular differences between gelB1/2 and 2/2 kid-
neys, the possibility existed that there were functional
defects in the gelB2/2 kidneys. To look for defects in
kidney function, we collected blood and urine from
gelB1/2 and 2/2 mice at various ages. Serum creati-
nine and urea nitrogen levels were not elevated in the
gelB2/2 mice (data not shown), indicating that there was
no reduction in the glomerular filtration rate. Another pos-

Figure 2. Histological analyses of gelB1/2 and gelB2/2 kidneys. No significant differences between gelB1/2 (control) and gelB2/2 (mutant) kidneys at 5
months of age were detected in H&E-stained paraffin sections (A and B) or by electron microscopy (C and D).
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sibility was that a defect existed in the perm-selectivity of
the GBM. Accordingly, we tested urine from mutants for
protein and found that concentrations of total protein with
respect to creatinine did not vary from the normal range
(data not shown). Thus, we could find no defects in renal
structure or function in the absence of gelB.

Kidney Development in Gelatinase B2/2 Mice

Gelatinase B blocking antibodies and TIMP-1 inhibit ure-
teric bud branching and kidney growth in organ culture at
an early stage of kidney development.8 We considered
the possibility that the lack of gelB in our mutant mice
might cause a similar early defect, but that a compensa-
tory mechanism rescues the defect at a later stage, thus
resulting in an essentially normal adult kidney. (Indeed,
the ossification defect described for these mice is only
apparent during a restricted developmental period.20) To
investigate this possibility, we examined the histological
structure of gelB2/2 kidneys at E13.5, only 2 days after
the onset of kidney development. We observed no differ-
ences between gelB2/2 and control littermate kidneys
by H&E staining of paraffin sections. Both exhibited
branched ureters and many developing nephrons at var-
ious stages of maturity and the kidneys were similar in
size (Figure 4, A and B). Thus, in vivo there are no histo-
logical defects in gelB2/2 kidneys at an early stage of
development.

We next considered the possibility that in vivo there are
constitutive mechanisms that compensate for the ab-

sence of gelB that do not operate in vitro. This would
explain why blocking gelB activity in vitro inhibits meta-
nephric growth and development, but eliminating the
protein by mutation in vivo had no apparent effect. To
address this, we cultured both gelB2/2 and control
E12.5 and E13.5 kidneys in vitro for several days. We
observed no significant differences between the control
and mutant metanephroi in either extent of ureteric bud
branching or overall growth (Figure 5, A–D).

During nephrogenesis, there are complex develop-
mental transitions characterized by temporally regulated
deposition and elimination of several basement mem-
brane components.17 Importantly, many of these transi-
tions occur in the nascent GBM, and gelB has been
shown to be expressed by cells adjacent to this struc-
ture.9 To determine whether the absence of gelB affected
these transitions in developing nephrons, we immuno-
stained sections of kidneys from postnatal day 2 control
and mutant mice. Because the stepwise induction of new
nephrons in the mouse continues until ;3 weeks after
birth, a section of perinatal kidney contains nephrons at
all stages of development. We found no alterations in the
developmental transitions that occur in renal basement
membranes with respect to the laminin a1, a5, and b1
chains and the collagen IV a1 and a2 chains. For exam-
ple, in both control and mutant kidneys, laminin a1 was

Figure 3. Immunohistochemical analysis of control and mutant adult kidney
basement membranes. No significant differences were detected in deposition
of several basement membrane components, including: collagen a1 and
a2(IV) (A and B); collagen a4(IV) (C and D); laminin a1 (E and F).

Figure 4. Analysis of development in control and mutant kidneys. A and B:
H&E stained paraffin sections of E13.5 kidneys. Robust ureteric bud (u)
branching was apparent in control and mutant kidneys, and many primitive
nephron structures were present. C–F: Immunohistochemical analysis of
postnatal day 2 kidney basement membranes. Both control and mutant
kidneys were undergoing appropriate GBM and other developmental tran-
sitions in deposition of laminin a1 (C and D) and laminin a5 (E and F). For
example, note the low levels of a1 and high levels of a5 in the maturing GBM
(g).
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present in the developing GBM in the S-shaped structure
but was replaced by a5 at the capillary loop stage and in
maturing GBM (Figure 4, C–F). Similarly, the laminin b1
and collagen a1 and a2(IV) chains were present in the
nascent GBM but were slowly eliminated from the GBM
beginning at the capillary loop stage; in addition, they
were deposited in the glomerular mesangium and in all
tubular basement membranes (data not shown).

Gelatinase B and the Progression of Renal
Disease

Considering the results of Lelongt et al,8 we were sur-
prised to find that gelB was not essential for proper
kidney development, structure, or function. Given that
these gelB2/2 mice are resistant to experimentally-in-
duced bullous pemphigoid,35 a skin blistering disease
which involves cleavage of a component of the dermal-
epidermal junction extracellular matrix, we next consid-
ered the possibility that gelB could be involved in patho-
logical disorders of the kidney. Such disorders are, in
many cases, caused by abnormalities in the deposition or
turnover of extracellular matrix molecules or by intrinsic
abnormalities in matrix proteins. For example: 1) diabetic
nephropathy is characterized by a thickened GBM and
an expansion of the mesangial matrix thought to result
from both increased deposition of matrix proteins and
decreased turnover36,37; and 2) the hereditary nephritis
known as Alport syndrome is caused by mutations in the
a3, a4, or a5 type IV collagen chain genes and results in
thinning, thickening, and splitting of the GBM.38

A recent study suggests that Alport GBM is more sus-
ceptible than normal GBM to degradation by proteases
either resident in the kidney or conveyed by the circula-
tion.26 To ascertain whether gelB may play a role in the

progression of Alport syndrome, we studied a knockout
mouse line bearing a targeted collagen a3(IV) chain
gene (Col4a3) mutation which serves as a model for
autosomal recessive Alport syndrome.27 First, we used
semiquantitative RT-PCR to determine the relative levels
of gelB mRNA in control and Col4a32/2 kidneys at sev-
eral ages: 28, 42, 64, 77, and 99 days of age. We also
assayed the levels of gelA, which exhibits proteolytic
activities similar to gelB, and GAPDH, a housekeeping
gene, for comparison. We found an increase in gelB
levels in Col4a32/2 kidneys at four of the five ages
tested, whereas gelA and GAPDH levels were similar for
all samples (Figure 6). Thus, increased levels of a spe-
cific metalloproteinase mRNA were detected in kidneys
undergoing the deterioration associated with Alport syn-
drome.

To investigate whether gelB is involved in the deterio-
ration of Col4a32/2 GBM, we generated mice that were
both gelB2/2 and Col4a32/2 by breeding the two lines
together. As controls, we used mice of genotype
gelB1/2; Col4a32/2. Mice at a range of ages were
deeply anesthetized, and blood and urine were col-
lected. We used renal function tests as an indirect indi-
cator of the degree of damage to the GBM (Figure 7). We
found that the gelB genotype did not correlate with the
progression of renal disease in Col4a32/2 mice. Al-
though the progression of renal disease did vary consid-
erably among the mice, most likely because of the mixed
genetic background, statistical analysis supported the
conclusion that there is no statistical difference between
the two groups (P . 0.1 by multivariate regression anal-
ysis). In addition, some kidneys were processed for his-
tological examination. Ultrastructural analyses of kidneys
from age-matched littermates did not reveal differential
GBM damage that correlated with their gelB genotypes
(Figure 8). Thus, formation of the characteristic Alport
GBM lesion does not require gelB. Taken together, these
results demonstrate that gelB does not play a significant

Figure 5. Kidney development in organ culture. GelB1/2 and 2/2 meta-
nephroi were removed at E12.5, cultured on a filter for several days, and
photographed daily. Representative photos after 0 and 2 days in culture are
shown. No differences in the extent of growth or branching were observed.

Figure 6. RT-PCR analysis of gelB, gelA, and GAPDH expression in
Col4a31/2 and Col4a32/2 kidneys at various postnatal (P) ages. Higher
steady-state levels of gelB mRNA in Col4a32/2 kidneys (M) compared to
Col4a31/2 kidneys (C) was apparent at all ages except P42. Levels of gelA
mRNA were not obviously higher at most ages in mutant kidneys.
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role in the progression of glomerulonephritis in the
Col4a32/2 mice and, by analogy, suggests that gelB is
unlikely to play a significant role in the progression of
Alport syndrome in humans.

Discussion

MMPs have been hypothesized to play roles in tissue
morphogenesis, angiogenesis, implantation, metastasis,
wound healing, and in the abnormal accumulation or
degradation of extracellular matrices in diverse disease
states.6 In some cases, specific MMPs have been impli-
cated in distinct processes by the results of in vitro stud-
ies. However, with some exceptions, little in vivo evidence
that supports these hypotheses has been obtained.

Here, we used mice with a targeted mutation in the
gelB gene (Mmp9) to explore roles for gelB in the devel-
oping kidney in vivo that had been hypothesized based
on in vitro studies. Kidney development involves branch-
ing morphogenesis, mesenchyme to epithelium transi-
tions, and complex developmental switches in the dep-
osition of extracellular matrix molecules.13–16,19,39 Thus,
the hypothesis that gelB (or other MMPs) might be in-
volved in any or all of these processes is an attractive
one. Previous studies in mice showed that gelB was
expressed in embryonic kidney mesenchyme at a very
early stage and that inhibiting its activity in metanephric
organ cultures, either with function-blocking antibodies to
gelB or with exogenously added TIMP-1 or TIMP-2, spe-
cifically inhibited branching of the ureteric bud,8,18 a
process required for proper kidney morphogenesis. Al-
though we confirmed expression of gelB in normal em-
bryonic kidneys at both the RNA and protein levels (Fig-
ure 1), we found no developmental, structural, or
functional defects in the kidneys of mice lacking gelB at
any age (Figures 2 to 4). A developmental study in the rat
did not detect gelB in uninduced mesenchyme, but in-
stead showed that gelB RNA and protein were associ-
ated with endothelial and mesangial cells in developing
glomeruli.9 In contrast, gelA was associated with the
epithelial components of both the developing nephron
and the ureteric bud. Taken together, these results do not
support a role for gelB in branching morphogenesis. In
addition, we have found that gelB is expressed in normal
embryonic lung, but no lung defects were observed in
gelB2/2 mice.47

What might be the origin of the discrepancies between
the in vitro results of Lelongt et al8 and those we obtained

Figure 7. Physiological analysis of renal function at various ages in
gelB1/2; Col4a32/2 and gelB2/2; Col4a32/2 mice. Serum creatinine
(A), blood urea nitrogen (B) and urinary protein/creatinine (C) concentra-
tions were measured at the time of sacrifice and plotted versus age. There
was no significant effect of the gelB mutation on the progression of renal
disease (P . 0.1). Symbols are: (f) gelB1/2, Col4a32/2 mice and (E)
gelB2/2, Col4a32/2 mice.

Figure 8. Ultrastructural analysis of 8-week-old GBM from gelB1/2;
Col4a32/2 (A) and gelB2/2; Col4a32/2 (B) kidney. Both show the
characteristic splitting and thickening seen in Alport syndrome.
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from the knockout mice? One possibility is that gelB
activity is required for kidney development in vitro but not
in vivo, perhaps because another enzyme is able to com-
pensate in vivo. We tested this by culturing metanephroi
from gelB2/2 embryos in vitro, and we found that kidney
development proceeded normally.

Given these findings, it is difficult to reconcile the in
vitro and in vivo results without considering the possibility
that anti-gelB antibodies and exogenously added TIMP-1
affect organogenesis independent of their ability to block
gelB activity. In support of this, both TIMP-1 and TIMP-2
have been shown to stimulate growth of metanephric
mesenchyme in vitro independent of their ability to inhibit
MMP activity.18 In the studies of Lelongt et al,8 the anti-
bodies and TIMP-1 which bind specifically to gelB may
somehow, either directly or indirectly, disrupt cell-cell or
cell-matrix interactions that are necessary for branching
morphogenesis. In any event, our results demonstrate
that gelB enzyme activity is not required for branching
morphogenesis or for mesenchyme-epithelium interac-
tions in the kidney.

Gelatinase B and Alport Syndrome

Despite the fact that we found no discernible roles for
gelB in normal kidney development, structure, or func-
tion, the possibility existed that gelB could influence the
progression of renal diseases that involve the extracellu-
lar matrix. Gelatinase B could have a protective role, in
which case it would prevent the pathogenic accumulation
of extracellular matrix proteins. On the other hand, it
could have a detrimental role, in which case it would
inappropriately degrade properly functioning extracellu-
lar matrices in certain circumstances and cause disease.
A precedent for such a detrimental role exists: knockout
mice lacking MMP-12 (macrophage elastase) do not de-
velop pulmonary emphysema when subjected to ciga-
rette smoke.40 We searched for a similar role for gelB by
crossing the gelB2/2 mice with mice homozygous for a
targeted mutation in the Col4a3 gene.

Col4a32/2 mice are a model for Alport syndrome (he-
reditary glomerulonephritis). In Col4a3 mutant glomeruli,
the mature GBM collagen IV isoforms (a3 to a5) do not
assemble; instead, the embryonic isoforms (a1 and a2)
accumulate and are found in the adult GBM. This leads to
a delayed onset deterioration of the GBM, decreased
glomerular filtration, and end-stage renal disease.27 It
has been hypothesized that MMPs play a role in the
deterioration of Alport GBM,26 and we found that gelB but
not gelA transcripts were increased in Col4a32/2 kid-
neys at several ages (Figure 6).

Gelatinase B2/2; Col4a32/2 double-mutant mice did
not exhibit any alterations in disease progression, either
physiologically, histopathologically, or ultrastructurally,
when compared to gelB 1 Col4a32/2 mice (Figures 7
and 8 and data not shown). Thus, gelB does not play a
disease-promoting role in this particular case. Of course,
we cannot rule out a role for gelB in other renal diseases.
Indeed, altered gelB expression has been hypothesized
to be involved in animal models of both membranous

nephropathy7 and glomerulosclerosis.41 It will be inter-
esting to examine these and other diseases, such as
diabetic nephropathy, in the context of the gelB mutation.

Is There Compensation for the Absence of
Gelatinase B?

Because gelA exhibits activities similar to those of gelB, it
is possible that this enzyme and perhaps other MMPs
compensate for the absence of gelB in the knockout
mice. Such compensation would tend to mask the normal
functions of gelB. Thus, although we cannot formally rule
out a role for gelB in the kidney, we can predict that any
role there must be redundant, easily compensated, or
unnecessary. If there is compensation, then it must be
tissue-specific, because compensation does not occur in
the growth plate of bones in gelB2/2 mice, where there
is an abnormal pattern of vascularization and ossifica-
tion.20 Also, gelB2/2 mice are resistant to experimental-
ly-induced bullous pemphigoid35 and to necrotizing tail
lesions,42 suggesting that gelA does not compensate in
these experimental diseases. Mice lacking gelA do not
exhibit any obvious defects in branching morphogenesis;
they develop normally and are fertile, though they do
have an ;15% slower growth rate than control litter-
mates.43 Although levels of gelB do not seem to be
elevated in these mice, the possibility that gelB activity
compensates for the absence of gelA has not been ruled
out.43 Compensation and redundancy have complicated
the determination of functions for genes in many different
knockouts.4,44–46 Mice lacking both gelA and gelB could
be very informative, because both the redundant and the
distinct activities of these enzymes would be eliminated.
This might reveal otherwise masked functions for these
evolutionarily related proteins in diverse developmental
and physiological processes.
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