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Abstract

Mesangial cells in culture change shape and become less ad-
hesive in response to cAMP elevation (e.g., treatment with
isoproterenol plus isobutylmethylxanthine (IM). Inhibitors of
serine proteases inhibit cellular shape change in response to
IM. To further examine the role of cell surface proteases in
shape change, adhesion plaque proteins (i.e., preparations of
ventral membranes and extracellular matrix) were separated in
SDS-polyacrylamide gels containing gelatin with and without
plasminogen. Four discrete zones of lysis were evident in plas-
minogen gels (indicative of activation of plasminogen) from
control adhesion plaques: one inconspicuous zone with a M,
- 150 kD, another at - 115 kD, and a doublet at - 35-32
kD. Another diffuse zone of lysis centered around M, - 70 kD
and contained a defined band of - 56 kD. Adhesion plaques
contained most of the plasminogen activators (PA). 5 min after
IM treatment, the Mr - 150- and 115-kD PA were in-
creased in activity. Vasopressin (VP), which prevented shape
change and adhesion loss when added along with IM, inhibited
the increase in these PA. Preincubation with monoclonal or
polyclonal antibodies to urokinase-type plasminogen activator
(uPA) totally inhibited the IM-inducible shape change and
adhesion loss. Activation of plasminogen throughout the gels
revealed multiple protease resistant bands that markedly in-
creased with IM treatment (maximal at 45 min). These may
represent focal control mechanisms. uPA thus may mediate
focal proteolysis, which results in shape change and decreased
adhesion.

Introduction

Progressive sclerosis of the renal glomerulus occurs as a result
of numerous, often dissimilar, disease processes including dia-
betes mellitus, hypertension, immune complex diseases, and
toxic injury (1). The glomerulosclerotic processes observed are
the results of accumulation of extracellular matrix proteins,
generally within the mesangium. Cellular shape and function
are regulated by interactions between these cells and the extra-
cellular matrix. Therefore, investigation of the mechanism by
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which extracellular matrix controls shape will undoubtedly
yield valuable insights into factors controlling glomeruloscle-
rosis.

Glomerular mesangial cells are contractile cells of the glo-
merular mesangium that regulate the ultrafiltration coeffi-
cient, one component ofthe glomerular filtration rate, by their
contractile activity. In primary culture or after early passages
(i.e., < 9) cultured mesangial cells isotonically contract (i.e.,
cell rounding) in response to angiotensin II and arginine vaso-
pressin (VP) (2). This contractility is inhibited by agents that
increase intracellular cAMP (e.g., isoproterenol and isobutyl-
methylxanthine [MIX]' and chlorphenylthio cAMP and MIX
[cAMP-MIX]) (3). After multiple passages in culture (i.e.,
> 9), the cells become tightly adhered to the culture dish, dis-
play numerous bundles of stress fibers in the cytoplasm, and
no longer respond to VP by isotonically contracting (4, 5).
However, they show biochemical evidence of tension develop-
ment in that myosin light chain phosphorylation increases (4,
6). Mesangial cells in prolonged culture respond to increases in
intracellular cAMP by changing shape to a highly arborized
configuration with long, thin cellular processes (7). At this
time, stress fibers are fragmented, the myosin light chain is
dephosphorylated (4), and the cells are less adhered to the
plastic substratum (6). Interestingly, these changes are inhib-
ited if VP is included with the cAMP-elevating agents.

The changes in cell shape, stress fiber morphology, and cell
adhesion accompanying cAMP elevation in mesangial cells
may be attributed to activation of cell surface proteases, as has
been shown in other types of cells migrating through connec-
tive tissues (8). Cell migration through the extracellular matrix
is believed to be a multistep process (9, 10) involving degrada-
tion of extracellular matrix components and cytoskeletal rear-
rangements to allow cellular translocation. Cell membrane-
associated proteases have been shown to be involved with situ-
ations in which cell migration is necessary. For example,
myoblast fusion (1 1), trophoblast implantation (12), neovas-
cularization (13), and shape change and adhesion loss in
transformed cells in culture (14-19).

Results of this study show that the cAMP-inducible shape
change and adhesion loss are dependent on the activity of the
urokinase-type plasminogen activator (uPA). Agents that af-
fect the activity of this enzyme or its cellular inhibitors also
modulate the extent of shape change and adhesion loss ob-
served with cAMP-elevating agents. Understanding the mech-
anisms that may control normal glomerular mesangial cell
adhesion is important ifwe are to explain the mechanisms that
lead to abnormal mesangial cell function and matrix produc-
tion in disease states.

1. Abbreviations used in this paper: cAMP-MIX, chlorphenylthio
cAMP-MIX; IM, isoproterenol-MIX; MIX, isobutylmethylxanthine;
PA, plasminogen activators; tPA, tissue-type plasminogen activator;
uPA, urokinase-type plasminogen activator; VP, vasopressin.
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Methods

Isolation and culture of glomerular mesangial cells. Glomeruli were
isolated from 200-g male Sprague-Dawley rats (Harlan Sprague-Daw-
ley, Houston, TX) using a graded-sieve technique and were plated for
culture in RPMI 1640 tissue culture medium with 20% FCS plus
penicillin, streptomycin, and fungizone for explant growth of glomer-
ular cells (6). Mesangial cells were isolated according to the differential
growth capacities of glomerular epithelial and mesangial cells. With
this method, the first cell type to emerge from the glomerulus was the
glomerular epithelial cell; however, after 2 wk, mesangial cells ap-
peared in the culture and proceeded to overgrow and obliterate the
epithelial cells (6). On passaging with trypsin-versene (0.25% trypsin
and EDTA), glomeruli were filtered away, and homogeneous cultures
of mesangial cells were obtained. Positive identification ofthis cell type
was obtained by ultrastructural examination and '25I-angiotensin II
binding capacity (2). Confluent cultures of mesangial cells were used
between the 20th and 40th passages in culture.

Experimental protocols. Confluent cultures were rinsed three times
with RPMI and treated for 5, 20, or 45 min with the following sub-
stances: l0-' M isoproterenol and l0-' M MIX; 10-' M cAMP-MIX;
10-7 M isoproterenol-MIX with VP; and VP alone. For the inhibitor
studies, cells were treated with the following protease inhibitors for 30
min before the addition of isoproterenol plus MIX (IM): 100 Ag/ml
soybean trypsin inhibitor, 100 U/ml aprotinin, 5 X 10-4 M leupeptin,
10-3 M PMSF, and 2 X 10-3 M benzamidine. To study the effect of
dexamethasone on plasminogen activators and inhibitors of plasmin-
ogen activators, cells were treated with 1 0- M of Decadron phosphate
(Merck Sharp and Dohme, West Point, PA) for 3 d before the experi-
ment.

Preparation of adhesion plaques. After the experiments, adhesion
plaques (composed of ventral membranes and extracellular matrix)
were prepared using a modification of the ZnCI2 method described by
Avner and Geiger (20). Briefly, cells were rinsed in 50 mM Hepes
buffer containing 3 mM EGTA and 5 mM MgCl2, pH 7.2, and ex-
posed for 2 min to the above buffer containing 1 mM ZnCl2. After 2
min, the adhesion plaques were prepared by shearing with vigorously
pipetted buffer (25 mM Hepes containing 3 mM MgCl2, pH 7.3).
Interference reflexion microscopy of these mesangial cell preparations
confirmed the finding of Avner and Geiger that ZnCl2 preserves the
close and focal contacts of ventral membranes with the underlying
matrix. The adhesion plaques were dissolved in 2.5% SDS, 62.5 mM
Tris HCl, pH 6.8 (electrophoresis sample buffer) for electropho-
resis (2 1).

Preparation of cell fractions. Mesangial cells grown in 100-mm
culture dishes were incubated in RPMI 1640 with, and without, IM for
45 min as described above. Whole cells were prepared by extraction
directly in sample buffer. Adhesion plaques were prepared as described
above; however, the material removed by the shearing process was
homogenized briefly with a glass-Teflon homogenizer and fractionated
by differential centrifugation to yield a crude nuclear pellet (10 min at
600 g), remaining cellular membranes and organelles (60 min at
100,000 g) and cytosol (the final supernatant).
PAGE to detect protease activity and cellular inhibitors ofproteases.

Proteolytic activity was demonstrated as originally described by Heus-
sen and Dowdle (22). 11% SDS-polyacrylamide gels (0.75 mm thick)
were prepared with gelatin incorporated into the gel at a final concen-
tration of I mg/ml. To demonstrate plasminogen activators (PA),
plasminogen (2 units per gel) were also added. Cell extracts were dis-
solved in electrophoresis sample buffer without reducing agent. Equal
amounts of adhesion plaque protein were added. After electrophoresis,
the gels were washed three times in 2.5% Triton X-100 for 1 h to
remove the SDS and incubated overnight at 37°C in HBSS with Ca2"
and Mg2" containing 10 mM Hepes, pH 7.5. After incubation, the gels
were stained with 0.1% amido black and destained in methanol/acetic
acid/water (30:10:60). Protease activity was revealed by negative
staining of transparent bands (i.e., zones of lysis). Changes in protease
activity were quantitated by laser scanning densitometry using a laser

densitometer (2202 Ultrascan; LKB Instruments, Houston, TX). Cel-
lular PA inhibitors were detected in gels by washing the gel first in 2.5%
Triton X-100 containing 50 IU of urokinase in 100 ml of washing
solution. Gels were then incubated in HBSS as above.

Electrophoretic separation ofadhesion plaque proteins. To visualize
the major protein species present in adhesion plaque preparations, the
samples in SDS were separated in linear pore gradient polyacrylamide
gels (T = 5-15%, C = 2.65%) using the discontinuous buffer system of
Laemmli (21). The SDS-polyacrylamide gels were then electrophoreti-
cally blotted onto nitrocellulose (0.2-gm pore; Hoefer Scientific In-
struments, San Francisco, CA) overnight at 40C in a transblot cell
(Bio-Rad Laboratories, Richmond, CA) at 100 V (23). After transfer,
the protein bands were stained according to the manufacturer's in-
structions with FerriDye (Janssen Life Sciences Products, Beerse, Bel-
gium).

Effect ofanti-uPA and anti-tissue plasminogen activator (anti-tPA)
antibodies on shape change and cell adhesion. Cells were treated with
either control IgG, a polyclonal anti-uPA (500 ,gg/ml) (Alpha Thera-
peutic Corp., Los Angeles, CA), a monoclonal anti-uPA (10 Ag/ml)
(Chemicon International, Los Angeles, CA), or a monoclonal anti-tPA
(10 gg/ml) (Pel-Freeze Biologicals, Brown Deer, WI) for 1 h before
addition of isoproterenol (l0-4 M)-MIX (l0-3 M).

Cells were exposed to isoproterenol-MIX in the continued presence
of antibody and observed for shape change 45 min later. For the cell
adhesion experiments, cells were treated as above with antibody for 1 h
and exposed to RPMI alone or with isoproterenol-MIX. After 45 min
the cells were washed twice in Ca2+-Mg2+-deficient HBSS and incu-
bated in Ca2+- and Mg2+-deficient HBSS containing the above agents
and 0.02% trypsin for 15 min at 37°C (6). The supernatant was gently
pipetted off for cell counting, and the remaining monolayer was
treated with trypsin-versene to determine the percent of cells remain-
ing after the first trypsin treatment.

Results

Previously we reported that mesangial cells develop numerous
bundles of microfilaments called stress fibers and become
tightly adhered to the plastic substratum after multiple pas-
sages in culture (4, 6). When these cells are treated with
cAMP-elevating agents such as cAMP-MIX or IM, they
change shape to an arborized configuration with long, thin
cellular processes. In association with this shape change, stress
fibers are fragmented, myosin light chain is dephosphorylated
and the cells are much less adhered to the plastic substratum
(4, 6). If the contractile agent VP is added along with the
cAMP-elevating agents, the above changes are prevented. This
effect of VP occurs despite cAMP levels being 15-fold higher
than control levels (control = 27.5+0.5; IM = 804+26.7;
IMVP = 412±7.8 pmol/mg protein) (24). Because activation
of membrane-associated proteases has been associated with
shape change and adhesion loss in other cultured cells (8), we
examined whether such proteases were involved with shape
change in mesangial cells.

Mesangial cells were preincubated with the following serine
protease inhibitors for 30 min before the addition of IM: 100
,ug/ml soybean trypsin inhibitor, 100 U/ml aprotinin, 0.5 mM
leupeptin, 1 mM PMSF, and 2 mM benzamidine. Both PMSF
and benzamidine significantly inhibited shape change induced
by IM (Fig. 1). Whereas IM causes 100% of the cells to change
shape, pretreatment with PMSF or benzamidine reduces the
amount of cells changing shape to - 25%. The other inhibi-
tors were without effect.

As we reported previously a decrease in focal and close
contacts and loss of cell adhesion in mesangial cells treated
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Figure 1. (A) Photograph of cultured mesan-
gial cells treated with IM for 45 min. Notice
that the cells have changed shape. (B) Mesan-
gial cells treated with IM in the presence of 1
mM PMSF. Notice that the mesangial cells are
greatly inhibited from changing shape. x 1,000.

with cAMP-elevating agents, (6), we expected that if proteases
were involved with shape change, they might be exerting their
effects at these focal contact sites. Therefore, we prepared cell
fractions composed predominantly of ventral membranes and
extracellular matrix (referred to in this manuscript as adhesion
plaques). Adhesion plaques from control cells in multiple ex-
periments (> 100) represent - 10-12% of total cellular pro-
tein. After treatment with IM, only - 3-5% of the total pro-
tein is recovered in the adhesion plaques. With quantitative
changes of this magnitude, one might expect major qualitative
changes in protein species. However, when equal amounts of
AP protein are electrophoretically separated, transferred to ni-
trocellulose, and stained with FerriDye (a highly sensitive
method of protein staining) no major differences are observed
between control, IM-treated, and VP-treated adhesion plaque
proteins (Fig. 2). Zymographic analysis of adhesion plaques
prepared from control cells, cells treated with cAMP-elevating
agents, VP or both in gelatin gels containing plasminogen (P-

gel) revealed the presence of four distinct zones of lysis indica-
tive ofplasminogen activation (Fig. 3); (a) a faint zone with Mr
- 150 kD; (b) a more intense zone with Mr 115 kD; and (c)
two zones with Mr 35-32 kD. A broad, diffuse zone that cen-
tered around Mr 70 kD was also observed. Within this broad,
diffuse zone were several faint, discrete bands, the species with
the greatest mobility having an Mr of 56 kD. Treatment of cells
with cAMP-elevating agents, which results in shape change,
resulted in an increase in activity of PA. In particular, PA with
apparent Mr 150 and 115 kD consistently showed elevations
(> 100 experiments) in activities as evidenced by an increase
in the zones of lysis (Fig. 3). Laser scanning densitometry re-
vealed, in six different experiments, a 1.6-4-fold increase in
the intensity of the 150-kD band and the 115-kD band in-
creased from 1.5-13-fold after IM treatment. Occasionally
small changes were noted in other bands; however, these were
inconsistent. The gelatin degrading activity of each protease
was maximum at neutral pH (pH 7.0-8.0). These PA were
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ADHESION PLAQUE PROTEINS
5-15% GRADIENT PAGE
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Figure 2. AP proteins separated by SDS-PAGE. Mesangial cells were

treated with RPMI 1640 alone (control), IM, and VP. AP proteins

(10 jug each) were separated on 5-15% polyacrylamide gels, blotted

electrophoretically onto nitrocellulose, and stained with FerriDye.

increased by 5 min and maximum activity (i.e., zone lysis) was

reached after 20 min and maintained through 45 min of IM

treatment. Maximum shape change occurred after 45 min of

IM. Inclusion of VP in the IM incubation medium inhibited

shape change and returned PA to control levels (Fig. 3). VP

treatment alone, which has no discernible effect on mesangial

cell morphology by phase contrast microscopy, did not appear

to affect the activity of PA. Adhesion plaque preparations sep-
arated on gels containing only gelatin did not show any evi-
dence of protease activity (Fig. 4).

The subcellular distributions of the PA were examined by
differential centrifugation of the material sheared during prep-
aration of adhesion plaques. The whole cell preparation, total
particulate fraction containing cellular membranes, attached
cytoskeleton, and organelles (minus ventral membranes and
nuclei), the cytosolic fraction, and adhesion plaques (AP) were
examined for expression ofPA. Fig. 5 shows that the activity of
the 11 5-kD protease in the whole cell treated with IM is essen-
tially unchanged over control whole cells. In the original gel,
trace quantities of the 1 50-kD PA are detectable in whole cell
preparations. PA of all mobilities were enriched in the adhe-
sion plaques compared to the other fractions. The 1 50-kD PA
was confined almost exclusively to the adhesion plaques and
the cytosolic fraction exhibited no PA.

Although these results suggest that a PA is involved in
mechanisms of shape change/adhesion loss, they do not allow
definitive identification of the plasminogen activator type. To
directly determine whether the mechanism involved uPA or
tPA, cells were pretreated for 60 min at 370C with antibodies
against these enzymes followed by IM treatment for 45 min.
Both polyclonal antibodies (data not shown) and monoclonal
antibodies to uPA totally inhibited the shape change, whereas
normal rabbit IgG and monoclonal antibody to tPA were
without effect (Fig. 6). MAb to uPA, but not tPA, totally pre-
vented the loss of adhesion by both an assay based on cellular
detachment (Table I) and as assessed by interference reflexion
microscopy (data not shown). In fact, both methods of assess-
ing adhesion indicated that pretreatment with MAb to uroki-
nase not only prevented adhesion loss with IM but actually
increased cellular adhesion above control (Table I).

To further ascertain which bands represented uPA, sam-
ples of rat urine proteins were evaluated by zymography (Fig.
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Figure 3. Photograph of P-Gel PAGE to demonstrate PA
in adhesion plaques from mesangial cells treated with
chlorphenylthio cAMP (1 mM, cAMP), IM with and
without VP, and VP alone. PA with apparent molecular
weights of 150 and 115 kD are increased in activity with
cAMP and IM. Laser scans of zones of intensity of lysis
revealed with cAMP treatment that the 150- and 11 5-kD
bands were increased - 50%. The isoproterenol-MIX in-
duced a fourfold increase in the I 50-kD PA and a 50%
increase in zone intensity of the 11 5-kD PA. VP addi-
tion returned activity to control levels. 5 gg of protein
were added to each lane.
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ADHESION PLAQUES
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Figure 4. Photograph of a gel-PAGE
(no plasminogen) to demonstrate gela-
tinases. As is evident, adhesion plaques
from mesangial cells do not contain ac-
tive gelatinases. 5 gg of protein was
added to each lane.

CELL FRACTIONS
P-GEL PAGE
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Figure 5. PA present in cellular fractions iso-
lated by differential centrifugation. Proteifls (5

_ g each) in control (RPMI 1640 alone) and
IM-treated mesangial cells were prepared as

described in Methods. By laser scanning densi-
tometry, the 150-kD PA was increased 2.5-
fold in IM AP vs. control AP. (Whole cells,
WC; cytoplasm, cyto; cellular membranes
minus ventral membranes and nuclei, CM;
adhesion plaques, AP.)
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Figure 6. The effect ofMAb against uPA on
IM-induced shape change in cultured mesan-
gial cells. Cells were treated with either (A)
MAb against uPA (10 Mg/ml) or (B) MAb
against tPA (10 Mg/ml) for I h before addition
of isoproterenol (Io-' M)-MIX (Io-' M) and
observed for shape change at 45 min. Notice
that the anti-uPA-treated cells were prevented
from changing shape. X 1,000.

7). Dependent on the amount ofurine applied to the gel, bands
comigrating with each ofthe major species present in adhesion
plaques were identifiable, including bands at M, 115, 56, and
35-32 kD.

Because of trace amounts of active plasmin in the gels,
endogenous inhibitors of plasmin were also often observed.

Table L Effect ofMAb against uPA and tPA on the Adhesion
Loss Caused by Isoproterenol/MIX

Condition MAb % detached (±SE)

Control None 10.4 (0.9)
Isoproterenol/MIX None 53.8 (3.2)
Isoproterenol/MIX Anti-uPA 1.6 (0.15)
Isoproterenol/MIX Anti-tPA 45.5 (2.9)

P < 0.05 for control vs. all conditions.
P < 0.05 for isoproterenol/MIX vs. isoproterenol/MIX plus anti-uPA.

RAT URINE UROKINASE
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Figure 7. Photograph of
P-Gel PAGE showing
PA present in IM-adhe-
sion plaques (3 Ag) and
various amounts of rat
urine (2, 2 X 10-1, 2
X 10-2, or 2 X l0-3 M).
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Inspection of Figs. 3 and 5 shows that inhibitors migrating in
the 43-50-kD range reside exclusively in the AP and that these
increase in intensity with IM treatment (see below for more
information). Because no major changes are observed between
control and IM-adhesion plaque proteins (Fig. 2), changes seen
in dark bands are due to inhibition of gelatin lysis.

To assess whether IM treatment causes the expression of
endogenous plasmin or urokinase inhibitors, plasminogen gels
were incubated with urokinase to activate plasminogen
throughout the gel. Protease-resistant bands appeared at ap-
parent M, 49 and 44 kD with IM treatment (Fig. 8). These
inhibitors may be involved with controlling proteolysis at the
sites of cell contact.

Dexamethasone has been reported to increase the levels of
plasminogen activator inhibitors in cells and to decrease the
synthesis of uPA (see Discussion). We tested the ability of
dexamethasone-treated mesangial cells to change shape in re-
sponse to IM, and found it to be appreciably decreased (data
not shown). We examined adhesion plaque preparations from
dexamethasone treated cells by zymography (Fig. 9). Dexa-
methasone-treated cells exhibited decreased plasminogen-de-
pendent lysis by PA migrating at Mr 115 and 150 kD. Again,
because of trace quantities of plasmin, inhibitors of gelatino-
lysis are observed. These are notably increased in the dexa-
methasone-treated cells. Preliminary results, using a chromo-
genic assay (Chromozym U; Boehringer-Mannheim, Bio-
chemicals, Indianapolis, IN) and purified high molecular
weight uPA (Calbiochem-Behring Corp., La Jolla, CA), con-
firm the zymographically observed increase within adhesion
plaques of activities inhibitory to uPA after dexamethasone
treatment. Fig. 8 also shows zymographic analysis of condi-
tioned media from the above experiments, in which cells were
treated with dexamethasone and/or IM. The changes in PA
and inhibitor, where present, paralleled those observed in ad-

ADHESION PLAQUES

P-GEL PAGE UROKINASE

Ci Oi I

Figure 8. Photograph of P-gel PAGE treated with urokinase (50 IU
for 6 h) to reveal endogenous protease inhibitors. Notice that an in-
hibitor at 49 kD increases progressively with time (open arrowhead),
whereas an inhibitor at 44 kD appears at 45 min of (IM) treatment
(closed arrowhead). 5 Ag of protein were added to each lane.

DEXAMETHASONE TREATMENT

MW
200
1161

PG-GEL

Std A B C D E F G H

Figure 9. Photograph of P-Gel PAGE showing the effect of dexa-
methasone (10-5 M for 3 d) on PA present in conditioned media and
adhesion plaques. Equal amounts of protein (3 Mg each) were sepa-
rated by P-Gel PAGE. Lanes A-D show PA released into culture
media (RPMI 1640) during the 45-min incubation period of the
shape change. Lanes E-H represent PA present in adhesion plaques
from the same experiment. Samples from cells treated with dexa-
methasone are demonstrated in lanes A, B, E, and F, whereas those
from untreated cells are in lanes C, D, G, and H. Samples from IM-
treated cells were separated in lanes B, D, F, and H. Arrows point to
the locations of inhibitors of gelatinolysis by traces of active plasmin
present in the gel.

hesion plaques. Particularly noteworthy is the increase in ac-
tivity of the Mr 115 kD PA with IM and its decrease with
dexamethasone.

Discussion

This study shows that urokinase performs an essential func-
tion, inhibitable by a specific MAb, in the mechanism by
which mesangial cells decrease adhesion and change shape in
response to cAMP elevation. Zymographic analysis ofPA sep-
arated in SDS indicated that mesangial cell fractions com-
posed of ventral membranes and extracellular matrix (i.e., ad-
hesion plaques) contain PA with many different apparent mo-
lecular weights.

Several of the bands present in adhesion plaques (Mr 115,
56, and 35-32 kD) comigrate with PA species present in rat
urine. The molecular mass generally reported for high molecu-
lar weight uPA is Mr - 50 kD (25-27). The low molecular
weight uPA is Mr - 30 kD (25-27), whereas that of tPA is
- 70 kD (25, 27). Our slight discrepancy for the size of the
high molecular weight form ofuPA probably arises from varia-
tions caused by electrophoresis of unreduced proteins and pos-
sibly from interactions with the gelatin substrate present in the
gel. Although we are unaware of any other reports of the very
high molecular weight species, that is the Mr 115 kD, in rat
urine, other studies have generally used indirect zymography
(in which an indicator gel is placed against the SDS gel) to
reveal PA. We have found indirect zymography to be many
orders of magnitude less sensitive than the direct zymographic
method of Heussen and Dowdle (22). For example, one study
using indirect zymography required 7 Ml of rat urine to observe
zones of lysis corresponding to the high molecular weight (Mr
48,000 kD) form ofuPA (28). In our study using direct zymo-
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graphy, we observed corresponding species (migrating at 56
kD) with 2 X l-O td of rat urine.

Dexamethasone has been consistently reported to suppress
uPA activity in a variety of cultured cells and tissues, whereas
the response of tPA activity has been more variable (see K.
Dano et al. [reference 25] for review). Further, dexamethasone
has also been reported to increase the activities of inhibitors of
PA (29-31). Our observations in cellular adhesion plaques and
in conditioned media are consistent with observations gener-
ally made for uPA and its cellular inhibitors. The major classes
of cellular inhibitors of plasminogen activators include plas-
minogen activator inhibitor types I and II and the protease
nexins (26, 27). Only the latter, protease nexin, is reported to
also inhibit plasmin (32). Our results suggest that the bands
observed in zymograms containing traces of plasmin represent
protease nexins. Studies are in progress to further characterize
which inhibitors are present in mesangial cell cultures.

The very high Mr bands, 115 and 150 kD, most likely
represent complexes of uPA with ligands such as the inhibitors
noted above or other uPA molecules. SDS-resistant interac-
tions ofPA with each ofthe above ligands have been described.
Stable, apparently covalent interactions with inhibitors are
most commonly described (33-38). One plausible explanation
is that the PA inhibitor complexes represent stable enzyme-
substrate intermediates; thus, the high molecular weight spe-
cies occur when the complexes are slowly hydrolyzed during
the course of the zymographic incubation, generating active
PA and cleaved inhibitor. Similar explanations have been pro-
posed (35, 37). The broad diffuse area of gelatinolysis observed
centering around Mr 70 kD may represent PA-inhibitor com-
plexes that dissociated during the course of electrophoresis. A
similar phenomenon has been described (33).

Dimeric and trimeric complexes of uPA would result in
bands with the approximate molecular weights we describe.
Disulfide-linked oligomers of uPA with Mr > 1 million have
been described in a lung cancer cell line (39). The possibility
exists that formation of such high molecular weight oligomers
might be favored by aggregation of receptor bound uPA.

The shape change and adhesion loss occurring in cultured
mesangial cells in response to cAMP elevation is prevented by
the serine protease inhibitors PMSF and benzamidine, but not
by plasmin inhibitors aprotinin and soybean trypsin inhibitor.
Since specific immunoglobulin is capable of blocking the
shape change, inaccessibility of the much smaller inhibitor
molecules is an unlikely explanation for a lack of effect. Thus,
a plasmin-independent mechanism may be involved.

Recently, it has been demonstrated that normal and trans-
formed cells contain cell surface proteases that may be in-
volved with focal digestion of extracellular matrix, resulting in
shape change and adhesion loss (14-19). Quigley and asso-
ciates have demonstrated the presence of PA on the surface of
normal and RSV-transformed chick embryo fibroblasts (17,
18). The shape change and adhesion loss induced by phorbol
ester treatment of transformed chick fibroblasts was due to the
PA on the cell surface. Serine protease inhibitors but not inhi-
bitors of plasmin inhibited this shape change. These data, in
combination with the observation that an MAb to urokinase
activator similarly inhibited shape change, led the authors to
suggest a direct catalytic involvement of uPA in matrix diges-
tion (19). In support of this, Gold et al. recently showed that
urokinase had the ability to digest the matrix component fi-
bronectin from its dimeric form to yield near monomeric

fragments (40). Pollanen et al. localized uPA by immunocyto-
chemistry and immunoelectron microscopy to cell-to-cell and
cell-to-substratum contacts in normal fibroblasts and
HT-1080 sarcoma cells (33). In other studies, Chen and asso-
ciates demonstrated fibronectin-degrading proteases on the
cell surfaces of transformed fibroblasts that appear to function
in the local degradation of fibronectin. Fibronectin degrada-
tion was sensitive to metalloprotease and serine protease inhi-
bitors (14-16). Thus, this focal localization ofPA at the sites of
cell contact is poised for focal proteolysis.

In conclusion, mesangial cells after multiple passages in
culture respond to elevations in intracellular cAMP by a uroki-
nase-dependent mechanism resulting in stress fiber fragmen-
tation, shape change, and adhesion loss, presumably through
digestion of cell adhesion contacts. Another role of urokinase
may be plasmin-dependent activation of latent collagenase.
Lovett et al. demonstrated that mesangial cells in culture se-
crete a metalloendopeptidase that specifically cleaves type IV
collagen of the glomerular basement membrane (41). This en-
zyme, along with urokinase, may be of critical importance in
the regulation of mesangial matrix material. An imbalance
between synthesis and degradation of matrix material may
lead to accumulation of matrix material in disease states. Un-
derstanding the molecular determinants between cells and the
extracellular matrix is crucial if we are to understand normal
cell function and differentiation. Once these mechanisms are
clarified, the changes that occur to cells in disease states will be
easier to explain.
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