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Extension of mesangial cells (MC) into the pericapil-
lary space is a pathologic response seen in several forms
of glomerulonephritis. This process may involve both
cytoplasmic extension by MC and actual cellular mi-
gration. For investigation of whether extracellular
matrix factors could modulate this process, the migra-
tory responses of rat MC were quantitatively examined
using a cell culture model. Denuding (“wounding”) a
portion of a confluent culture of MC was followed by
migration of mesangial cells into the denuded area.
The expected proliferative response to this treatment
was blocked by irradiation. The migratory response be-
gan within 8 hours of wounding and continued for at

least 80 hours. The MC migratory response was spe-
cifically inhibited in a dose-dependent and reversible
manner by heparin and heparinlike glycosaminogly-
cans (GAGs). Chondroitin sulfates and hyaluronic acid
did not significantly inhibit MC migration. Glomeru-
lar basement membrane heparinlike GAGs may nor-
mally prevent MC extension into the pericapillary
space. Changes in the density or composition of these
substances during glomerular inflammatory processes
could permit the development of MC pericapillary ex-
tensions and thereby lead to further alterations in base-
ment membrane integrity. (Am J Pathol 1988, 133:
609-614)

ALTERATIONS IN THE GLOMERULAR mesan-
gium are observed in many forms of acute and
chronic glomerulonephritis (GN). Although a diver-
sity of individual disease processes may be involved,
the pattern of response by the intrinsic mesangial cell
(MC) population is primarily characterized by cellular
proliferation and extracellular matrix expansion. In
addition, extension of MC into the pericapillary space
between the endothelium and the basement mem-
brane is a prominent feature of the membranoproli-
ferative forms of GN.!~* Extension of MC around the
capillary loop accounts for the formation of the classi-
cal “tram track” noted on silver staining, which is the
result of newly synthesized mesangial matrix. The
juxtaposition of mesangial cells and glomerular base-
ment membrane in these diseases could possibly re-
sult in further structural damage through the release
of MC-derived lysosomal enzymes and neutral pro-
teinases.> It is interesting to note that MC also sur-
round the glomerular capillary loop during the meta-
nephric stage of mammalian kidney development and
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this pattern is a common feature of the developed kid-
neys of lower vertebrates.””'® Thus, the pericapillary
extension of MC seen in certain forms of glomerular
disease may represent a form of structural or organiza-
tional dedifferentiation.

Little is presently known about the actual mecha-
nism whereby glomerular capillary interposition oc-
curs. While simple MC cytoplasmic extension is
clearly involved,? it is likely that an element of cellular
migration may play an important role. Observations
of prolonged cultures of MC suggested that cellular
migration is involved in the development of macro-
scopic “hillocks,” which are composed of cells and
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large accumulations of extracellular matrix (ECM)
constituents.!! Because of our interest in the regula-
tion of MC function by ECM factors, we elected to
quantitatively assess the migratory ability of cultured
rat MC and to determine the effects of ECM factors
on MC migration.

Sulfated glycosaminoglycans (GAGs), in particular
heparan sulfate, are of special interest in glomerular
pathophysiology. The anionic heparan sulfate is an
important determinant of the glomerular basement
membrane (GBM) charge-filtration barrier.'?>!? In ad-
dition, recent studies by Castellot et al'* have indi-
cated that heparanlike substances secreted by glomer-
ular epithelial cells, as well as heparin, have anti-pro-
liferative effects on MC. Heparin treatment decreases
the extent of MC proliferation in the Habu snake
venom model of nephritis.'’ Given these findings and
the potential importance of GAGs in the modulation
of intrinsic glomerular cell phenotypes, we chose a
model system that would allow us to study the prolif-
eration-independent migration of MC in a quantita-
tive manner. In this report we show that MC are capa-
ble of migration and demonstrate that heparin and
heparinlike GAGs specifically and reversibly inhibit
this process.

Materials and Methods
Reagents

Anticoagulant heparin (derived from porcine intes-
tine, 159 USP U/mg) was purchased from Lypho-
Med. RD-heparin (average molecular weight 5000 d,
69 USP U/mg) was purchased from Calbiochem.
Chondroitin sulfate A (chondroitin 4-sulfate derived
from shark cartilage), chondroitin sulfate C (chon-
droitin 6-sulfate derived from whale cartilage), hyal-
uronic acid (derived from umbilical cord), and dex-
tran sulfates (average molecular weights 5 kd and 500
kd) were purchased from Sigma Chemical Co., St.
Louis, MO.

Mesangial Cell Culture and Characterization

MC were obtained from the blood-free, perfused
kidneys of male Sprague-Dawley rats (150-200 g,
Charles River Laboratories, Charles River, MA) using
methods described previously.®!! In brief, primary
cultures of MC were obtained from the outgrowths of
collagenase-treated glomerular remnants.® Proliferat-
ing MC were maintained in complete growth medium
consisting of RPMI 1640 (Gibco, Grand Island, NY)
supplemented with 20% heat-inactivated fetal calf se-
rum (FCS), penicillin (50 U/ml), streptomycin (50 ug/
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ml), L-glutamine (300 ug/ml), insulin (107% M), trans-
ferrin (5 pg/ml), and selenous acid (5 ng/ml)ina 37 C,
humidified 5% CO, atmosphere. Outgrowths of MC
appeared as stellate cells and were clearly distinguish-
able from epithelial cells. Small MC colonies were
picked out, replated, and grown to confluency. The
cells were fed twice weekly and passed at a 1:6 split
ratio. MC were used between the fifth and tenth pas-
sages for these studies.

Effect of Radiation on Cell Viability and Proliferation

Cells were plated at a density of 8000 cells per 9.6
sq cm dish and allowed to attach and proliferate for
24 hours. Cells were irradiated with 1500 R from a
137Cs source and were further incubated in the pres-
ence or absence of heparin (100 ug/ml). Cells were
counted electronically after trypsinization. Viability
was assessed by trypan blue exclusion.

Cell Migration Assay

For cell migration experiments, MC were plated on
35-mm polystyrene gridded (2-mm squares) tissue
culture dishes (LUX, Scientific Supply and Equip-
ment, Seattle, WA) and maintained in complete me-
dium. Before use in migration experiments, confluent
cultures were growth arrested by gamma irradiation
with 1500 rads from a '*’Cs source.

Migration was stimulated by cell layer “wounding.”
Briefly, a portion of a confluent culture was denuded
of cells (“‘wounded’) by scraping with a sterile razor
blade. Approximately half the cells were removed,
creating a linear wound edge through the middle of
each dish. Fifteen 2-mm squares along the wound
edge were identified and numbered for each plate.
Each wound edge was examined microscopically to
check the uniformity of the wound, to confirm its po-
sition relative to the grid markings, and to ensure that
all of the MCs were removed from the grids to be eval-
uated. Cultures were then rinsed three times with ster-
ile phosphate-buffered saline (PBS) to remove any
nonadherent cells and fresh complete medium con-
taining the various test materials was added.

In the heparin dose-response and specificity experi-
ments, the MC were allowed to migrate for 24 hours
in complete medium containing the test materials.
Controls were maintained in complete medium.
Thereafter, the cells were fixed in 3% glutaraldehyde
and stained with toluidine blue.'¢ The number of cells
migrating beyond the linear wound edge in each 2-
mm grid was counted; in some experiments, the great-
est distance migrated by a cell was measured with an
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ocular micrometer. Each treated culture was com-
pared with simultaneous controls.

Experiments to test the reversibility of the heparin
effect on cell migration were done as follows: MC were
allowed to migrate in complete medium or in me-
dium supplemented with heparin (100 ug/ml) for 38
hours. Plates were washed twice with PBS. One half
of the heparin-containing cultures continued to be in-
cubated in complete medium with heparin (100 pg/
ml) and the other half were incubated in complete me-
dium without heparin. Cell migration was assessed by
counting the number of cells that had migrated into
the wound at intervals over the next 48 hours and
compared with controls that had incubated in hepa-
rin-free medium throughout.

Statistical Analysis

The number of cells migrating into each of 15 grids
for 4 culture plates was averaged for each experiment.
Group means were compared by analysis of variance.
In the reversal experiment, the statistical analysis was
performed after randomization of the culture plates
into the reversed and heparin-treated groups to deter-
mine whether the extent of migration among plates
was equivalent up to the point of experimental inter-
vention. In dose-response experiments, results for
each heparin concentration were compared with con-
trols using the Tukey studentized range method.

Results

One thousand five hundred rads of gamma radia-
tion completely inhibited MC proliferation in the
presence or absence of heparin while leaving 99% of
the cells viable for the course of the experiments (Fig-
ure 1). Differences in the numbers of cells observed in
the wounded area of the cultures under experimental
conditions cannot therefore be due to altered prolifer-
ative rates of MC.

Other authors'"'® have evaluated cell migration pri-
marily by measuring the distance migrated by the
leading edge of the migrating cell sheet. We found this
measurement difficult to perform in our experimental
system because glomerular MC do not migrate as a
sheet (as do endothelial cells) but as individual units,
and local variations in cell migration along a single
wound edge preclude unambiguous measurement.
We compared the greatest-distance-migrated method
with direct counting of the number of cells migrated
and found that the former method consistently under-
estimated the percent inhibition of migration (Table
1). We analyzed the remainder of the experiments de-
scribed below by counting the number of cells mi-
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Figure 1—Effect of radiation on mesangial cell proliferation. Cells were
grown and plated as described in Materials and Methods. On day 0 some
cultures were treated with 1500 rads from a '3’Cs source and were further
incubated in the presence or absence of heparin (100 xg/ml). Cell number
and viability was assessed at the indicated times thereafter. Each point rep-
resents the average of triplicate counts on two dishes. 0, no radiation. A,
irradiated, no additions. m, irradiated, plus heparin.

grated in each 2-mm grid. Each plate contained 15 of
the grids and 4 plates were used for each point.

Figure 2 shows a representative photomicrograph
of irradiated MC cultured for 72 hours after wounding
in the presence or absence of 100 ug/ml heparin. Incu-
bation with heparin results in a marked diminution in
both the number of migrating MC as well as the great-
est distance migrated by an individual cell.

The migration inhibition response to heparin is
dose-dependent (Figure 3). At 100 ug/ml of heparin
there is 75% inhibition of migration compared with
controls. Concentrations of heparin as low as 0.1 ug/
ml were sufficient to cause about 20% inhibition.
Analysis of variance demonstrated a statistically sig-
nificant trend (P < 0.00005) over the range of heparin
concentrations tested. Controls were significantly
different (P < 0.05) from 0.1 ug/ml heparin, as as-
sessed by the Tukey studentized range method. The ¢
value for contrasts in the group means was significant
at P < 0.00005, showing a linear trend in migration
inhibition as heparin concentration increased.

We performed additional experiments to determine
if the antimigratory effect of heparin was reversible.
hrradiated, wounded cultures were incubated in the
presence or absence of 100 ug/ml heparin for 38
hours, resulting in significant inhibition of MC migra-
tion in heparin-treated cultures as compared to con-
trols (Figure 4). After removal of the heparin-contain-
ing medium, cells began migrating into the wound at
arate closely comparable with the untreated controls.
Heparin-treated MCs continued to migrate at a much
reduced rate. The recovery of MC migration after
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Table 1—Quantitative Methods for Analysis of MC Migration: Comparison of the Greatest-Distance-Migrated Method
with the Grid-by-Grid Counting Method*

Greatest distance migrated (measured

micrometer divisions) Grid-by-grid (counted number of cells migrated/2 mm)
Heparin- Percent of Heparin- Percent of
Control treated control Control treated control
Experiment 1 50+1.8 31+13 62 61.9+33.1 238+174 35
(50) (44) (50) (44)
Experiment 2 40+13 23+1.4 58 50.6 +31.3 20.5+17.0 40
(59) (63) (58) (63)
Experiment 3 39+20 20+1.2 51 54.7 +23.6 85+ 6.7 12
(55) (39) (55) (40)
Experiment 4 2717 0.8+1.0 30 21.6+£20.6 45+ 6.7 21
(46) (51) (48) (51)

* Experimental groups were incubated with 100 ug/ml heparin for 72 hours and compared with controls. Four or five plates with as many as 15 usable grids
per plate were assessed for each experiment. The greatest distance migrated by any cell in a grid was measured with an ocular micrometer or the total
number of cells migrating into the wound was counted. Data are expressed as means + SD. Numbers in parentheses refer to the number of grids assessed.

removal of the heparin was highly significant (P
< 0.0005) at each measured interval.

Further experiments compared the inhibitory
effects of heparin on migration with other GAGs and
sulfated dextrans (Table 2). At concentrations of 10
ug/ml, chondroitin 4-sulfate, chondroitin 6-sulfate,
and hyaluronic acid had no significant effect on MC
migration, a concentration at which heparin is highly
active. Higher concentrations (100 ug/ml) of these
substances induced only a modest inhibition in migra-
tion (about 70% of controls). In contrast, nonantico-
agulant heparin and sulfated dextrans were highly
effective in migration inhibition. Thus, the antimigra-
tory effect on heparinlike molecules is independent of
their anticoagulant activity.

Discussion

Cell-matrix interactions are important in both mor-
phogenesis and the tissue response to injury. Whereas

the influence of ECM factors on the functions of vas-
cular endothelial cells and smooth muscle cells has
been studied in detail, the potential importance of the
ECM in modulation of MC function is just beginning
to be appreciated.'® MC pericapillary extension, or in-
terposition, is a characteristic feature of membrano-
proliferative forms of GN. This is thought to result in
part from direct extension of MC cytoplasm into the
pericapillary (subendothelial) space of the glomeru-
lus.? The concept that MC interposition is also the re-
sult of actual cellular migration, taken with the ten-
dency of MC to aggregate and form macroscopic hill-
ocks during prolonged cell culture,'’ led us to
investigate whether MC were indeed capable of mi-
gration and if ECM components could modulate this
activity.

We have shown that cultured MC are capable of
proliferation-independent migration. MC migrate as
individual units in analogy to vascular smooth muscle

Figure 2—Inhibition of mesangial cell migration by heparin. The wound edge is marked with solid line. The cultures were irradiated, wounded, and treated
with either control media (a) or media containing 100 ug/ml heparin (b) for 72 hours. The illustration shows one 2 X 2-mm grid section along the wound line.
MC migration occurs as single cellular units. Quantitation was performed by counting the cells in each grid, as well as by measuring the greatest distance
migrated () by a single cell. Final magnification, X475.
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Figure 3—Dose-response effect of heparin on RMC. Cultures were irradi-
ated, wounded, and treated with the indicated concentrations of heparin for
24 hours. Note that the heparin effect is dose-related. Data are expressed
as means + SEM. *P < 0.05; **P < 0.01.

cells and fibroblasts. The inhibition of MC migration
by heparin and heparinlike GAGs is dose-dependent,
specific, and reversible. The anti-migratory effects of
heparin are independent of its anticoagulant activity.
The heparin dose-response curve for migration inhi-
bition closely resembles that obtained by Castellot et
al' for inhibition of mesangial cellular proliferation.
In addition Majack and Clowes'’ observed a similar
heparin dose-response curve for the inhibition of mi-
gration of cultured rat aortic smooth muscle cells. The
GAG specificity and reversibility of MC migration in-
hibition are also similar and further underscore the
close resemblance of vascular SMC to the intrinsic
mesangial cell.

Heparin is a naturally occurring GAG with many
biologic activities comparable with the carbohydrate
moieties of heparan sulfate proteoglycan. In addition
to the anti-proliferative and anti-migratory effects on
vascular SMC described above, heparin or related
GAGs modulate the secretory phenotypes of these
cells.?*-?> The mechanisms by which heparin modu-
lates cellular proliferation, migration, and protein se-
cretory phenotypes remain unclear. Interaction with
specific cell surface receptors, internalization via
clathrin-coated pits, or alterations in the composition
of the ECM may all be involved.?*?

Heparan sulfate proteoglycan is of critical impor-
tance in the maintenance of the glomerular charge-
filtration barrier.'>'3 Our results, taken with those of
Castellot et al,'* expand the physiologic role of ECM
heparinlike GAGs to include modulation of MC pro-
liferation and migration. We hypothesize that glomer-
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Figure 4—Reversibility of heparin inhibition of RMC migration. Data points
shown are the means of duplicate dishes of cells. The cells were counted at
daily intervals for control cultures (O), cultures treated continuously with 100
ug/ml heparin (m), and cultures treated for 38 hours with heparin, washed,
and treated with control medium (arrow, ). Control cultures are significantly
different from heparin-treated cultures (P < 0.01) at all time points after
wounding. Heparin-treated cultures incubated in the absence of heparin af-
ter 38 hours of heparin treatment are significantly different from cultures
continuously maintained in heparin (P < 0.01) at each time point after the
change in culture conditions. Data points shown are from one representative
experiment and represent the mean number of cells migrated in a total of
60 grids.

ular disease processes involving MC pericapillary ex-
tension may result in part from an imbalance between
the inhibitory actions of glomerular ECM heparan
sulfate and the mitogenic, and potentially chemoat-
tractant, effects of platelet and complement-derived

Table 2—Comparison of Related Glycosaminoglycans and
Sulfated Dextrans on MC Migration*

Percent control migration

Substance added 10 ug/ml 100 pg/ml
None 100 100
Hyaluronic acid 102 +1 70+ 2t
Chondroitin 4-sulfate 90+6 78 + 12t
Chondroitin 6-sulfate 89+9 72 + 14t
Heparin 44 + 51 31+ 61
RD-heparin ND 28
Dextran sulfate (MW, 5000) 42 + 8t 16+ 5t
Dextran sulfate (MW, 500,000) ND 19+ 10t

* After irradiation and wounding the various substances were added at
final concentrations of 10 and 100 ug/ml. Inhibition of cellular migration was
assessed after 24 hours of culture and is expressed as the percent inhibition
as compared with controls. Data given as mean + SEM. Statistical signifi-
cance is not assessed in the RD-heparin experiment because the data are
derived from a single experiment. ND, not done.

1P <0.05.
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mediators. Using our quantitative model for MC mi-
gration such issues may now be approached directly.

10.
11.

12.
13.
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