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Abstract
Adenine nucleotides speed structural and functional recovery
when administered after experimental renal injury in the rat
and stimulate proliferation of kidney epithelial cells. As cell
migration is a component of renal regeneration after acute tubu-
lar necrosis, we have used an in vitro model of wound healing to
study this process. High density, quiescent monkey kidney epi-
thelial cultures were wounded by mechanically scraping away
defined regions of the monolayer to simulate the effect of cell
loss after tubular necrosis and the number of cells that migrated
into the denuded area was counted. Migration was independent
of cell proliferation. Provision of adenosine, adenine nucleo-
tides, or cyclic AMPincreased the number of migrating cells
and accelerated repair of the wound. Other purine and pyrimi-
dine nucleotides were not effective. Arginine-glycine-aspartic
acid-serine peptide, which blocks the binding of extracellular
fibronectin to its cell surface receptor, completely inhibited mi-
gration in the presence or absence of ADP. Very low concentra-
tions of epidermal growth factor (Ko.5 0.3 ng/ml) stimulated
migration, whereas transforming growth factor-,82 was inhibi-
tory (K; - 0.2 ng/ml). Thus, adenosine and/or adenine nucleo-
tides released from injured or dying renal cells, or administered
exogenously, may stimulate surviving cells in the wounded
nephron to migrate along the basement membrane, thereby rap-
idly restoring tubular structure and function. (J. Clin. Invest.
1992. 90:288-292.) Key words: acute renal failure * transform-
ing growth factor-,@ * epidermal growth factor * heparin . extra-
cellular matrix

Introduction
It has been known for many years that the injured nephron can
regenerate. After acute tubular necrosis, surviving cells at the
edges of the wound and uninjured embryonic rest cells prolifer-
ate and migrate to reepithelialize the nephron (1-4). The fac-
tors that control this process of epithelial wound healing are
poorly understood. Wehave used cultures of high density, qui-
escent, nontransformed monkey kidney epithelial cells of the
BSC- 1 line to simulate the renal tubular epithelium (5), iden-
tify compounds that regulate cell growth, and define their
mechanisms of action (6). This experimental strategy led us to
suggest that the salutary effect of infused adenine nucleotides in
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rats after acute toxic, ischemic, or obstructive renal injury (7)
could result from the capacity of these agents to stimulate DNA
synthesis (8-10). Infusion of ATPwith MgCl2 was recently re-
ported to initiate DNAsynthesis in the rat kidney after isch-
emic injury (1 1). In monkey renal cells in culture, provision of
ADP stimulated expression of early growth response genes
(Egr- 1, NAK- 1, c-fos, and c-myc), protooncogenes, and other
genes associated with progression of the cell cycle (9, 12-14).
ADPalso signaled rapid release of a platelet-derived growth
factor (PDGF)' B chain homodimer-like protein, which if re-
leased in vivo could act in a paracrine manner, as renal epithe-
lial cells do not respond to this peptide as a mitogen (15).

To study the repair process in the injured nephron, we have
turned our attention from the proliferative response during re-
generation to cell migration by using mechanically wounded
high-density, quiescent monolayers of BSC-1 cells as a model
system. A portion of the monolayer was physically removed,
and migration of cells into the denuded area was measured.
Holley and co-workers previously used this model of in vitro
healing to study the dynamics of DNAsynthesis at the edge of
the wound (16). Similar models have been used to study wound
repair in cultures of corneal endothelial cells (17, 18), vascular
endothelial cells (19, 20), and fibroblasts (21). Wehave ob-
served that when a wound is made in high-density renal epithe-
lial cultures, cells migrate into the denuded area and restore the
integrity of the monolayer, as is observed in regenerating renal
tubules after an injury. Migration was markedly stimulated by
low concentrations of exogenous adenine nucleotides that did
not initiate cell proliferation.

Methods
Nontransformed, subcloned African green monkey kidney epithelial
cells (BSC-1 line), Madin-Darby canine kidney (MDCK) cells, and
BALB/3T3 fibroblasts were grown in DMEMas described previously
(8, 9, 22). Cells were seeded in 60-mm dishes and grown to high density
in DMEMcontaining 1%calf serum and 1.6 gMbiotin. This medium
was then replaced with DMEMcontaining 0.01% serum and 16 ,M
biotin, and the cultures were used 1 d later. Wounds were made by
gently removing narrow strips of cells from the monolayer with a sterile
200-Ml disposable plastic pipette tip so that the extracellular matrix
(ECM) apparently remained intact. 10 edge-to-edge wounds were
made per 60-mm culture dish; the strips of displaced cells were re-
moved with a Pasteur pipette. Specific reagents were added immedi-
ately after making the wound, and the extent of cell migration into the
denuded area was assayed at designated times thereafter. To assay cell

1. Abbreviations used in this paper: ECM, extracellular matrix; EGF,
epidermal growth factor; FGF, fibroblast growth factor; FSBA, fluoro-
sulfonylbenzoyladenosine; IGF, insulin-like growth factor; MDCK,
Madin-Darby canine kidney; PDGF, platelet-derived growth factor;
RGDS, arginine-glycine-aspartic acid-serine; TGF, transforming
growth factor.
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migration, a rectangular wound area was demarcated at a site chosen at
random in the culture, and the total number of cells in it were counted
in a light microscope at a magnification of 100. The size of wounds
used for study was calculated as follows: the base (b) of the wound was
defined by aligning it with the maximal diameter of the microscope
field (1.70 mm), and its height (h) was measured at 0.57±0.01 (SE) mm
in 10 wounds, so that the area of the rectangle (b X h) under study was
0.97 mm2, i.e., about 1 mm2. Each value for migration was the mean
number of cells in at least 10 wounds having the size defined above; 5 in
each of two different cultures. SEwas less than 4%, a value too small to
be displayed on the figures.

The following growth factors were purchased from Collaborative
Research Inc., Bedford, MA: PDGF, insulin-like growth factor (IGF)-I,
IGF-II, acidic fibroblast growth factor (FGF), and basic FGF. Epider-
mal growth factor (EGF) was purchased from Amgen Biologicals,
Thousand Oaks, CA, and transforming growth factor (TGF)-type (32
from R&DSystems, Inc., Minneapolis, MN. Adenosine, adenine nu-
cleotides, and cyclic 3',5'-AMP; guanine, thymine and uridine nucleo-
tides, ribose phosphate, and 5'-p-fluorosulfonylbenzoyladenosine were
obtained from Sigma Chemical Co., St. Louis, MO.

The data were compared by Student's unpaired t test.

Results
Whena wound was made in a high density, quiescent culture,
cells at the perimeter migrated towards the center so that by day
2 the wounded area was completely filled in. Migrating cells
displayed a spindle shape and were flatter than those in the
monolayer that were distant from the wound. These differ-
ences in cell morphology permitted us to define the edges of the
wound and count the number of cells migrating into the de-
nuded area. Preliminary experiments showed that by day 1
about 30 cells migrated into a wound having an area of 1 mm2,
and by day 2 about 110 cells. Wepreviously noted that addi-
tion of ADPto cultures of BSC- 1 cells stimulated DNAsynthe-
sis (half-maximal concentration, - 20 pM) (8) and rapidly in-
duced changes in cell shape and in the distribution of the inter-
mediate filament cytokeratin-8 (23). Since the change in cell
shape suggested an effect of ADPon adhesion of cells to their
substratum that could influence cell movement, the effect of
ADPon migration of BSC- 1 cells into the wound was exam-
ined. WhenADPwas added to high-density, quiescent cultures
to achieve a final concentration of 200 tiM, which is optimal
for stimulation of DNAsynthesis (8), the number of cells in a
defined wound increased by more than threefold at 24 h com-
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Figure 1. Effect of ADPon migration of BSC-I cells into wounds in
high density quiescent cultures. Cells were scraped from the mono-
layer to inflict a wound, as described in Methods. (A) Effect of differ-
ent concentrations of ADPon cell migration into a wound. (B) Time
course of ADPstimulation of cell migration. ADP(10 ;iM) was added
immediately after wounding, and the number of cells migrating into
the wound was counted 2, 12, and 24 h later. Values are the mean
number of cells counted in each of 10 wounds in two cultures. SE was
less than 4%of the mean so that measures of variance are not appar-
ent on the figure.
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Figure 2. Effect of adenine, ribose phosphate, adenosine, and purine
and pyrimidine nucleotides on cell migration into wounds made in
monolayers of BSC-l cells. Each compound (10 ,M) was added to
the culture medium, and the number of cells that migrated into a
wound that was 1 mm2in size was counted 24 h later. Values are
means for 10 different wounds in two cultures; SE was less than 4%.

pared to control, and in most instances the wound was com-
pletely filled in at that time (data not shown). Exogenous ADP
stimulated cell migration in a concentration-dependent man-
ner with a half-maximal concentration of 2 ,M (Fig. 1 A). At a
concentration of I ,uM, the increased number of cells in the
wound at 12 and 24 h was not the result of mitogenesis because
this low concentration of ADP did not stimulate [3H]-
thymidine incorporation into DNA(8). Moreover, cells labeled
with bromodeoxyuridine and stained with a fluorescent anti-
body to the nucleotide using the method of Martin et al. (24)
did not demonstrate cells synthesizing DNAat the edges of the
wound. Analysis of the time course of cell migration revealed
that stimulation by ADPwas evident 12 h after wounding the
monolayer (Fig. 1 B). Adenosine, AMP, cAMP, and ATPwere
as effective as ADP in stimulating migration (Fig. 2). Other
purine and pyrimidine nucleotides such as GDP, GTP, TDP,
TTP, UDP, UTP, CDP, and CTPhad no effect, nor did ade-
nine or ribose phosphate alone, or together. ADPalso stimu-
lated migration into wounds made in monolayer cultures of
canine kidney epithelial cells of the MDCKline prepared
under similar conditions, but not in cultures of mouse fibro-
blasts (BALB/3T3 cells).

Because growth factors are known to influence wound heal-
ing (25-27) and tumor cell invasion and migration (28) in vivo
and in vitro, we evaluated the capacity of several of these pep-
tides to affect migration in BSC-I cells. Specified concentra-
tions of EGF, acidic or basic FGF, IGF-I or -II, or PDGFwere
added to a culture immediately after wounding, and migration
of cells into the wound was assayed 1 d later. EGF (0.15-8
ng/ml) had a striking stimulatory effect on cell migration. Even
at a concentration of 0.15 ng/ml, EGFnearly doubled the num-
ber of cells in the wound (P < 0.001), whereas 0.8 ng/ml maxi-
mally increased migration by three- to fourfold (Fig. 3). In con-
trast, basic FGF (0.5-12 ng/ml) stimulated migration maxi-
mally at 4 ng/ml (146%) (P < 0.001), and IGF-I (2.5-40 ng/ml)
at 20 ng/ml (45%) (P < 0.001) (data not shown). PDGF(1-8
U/ml) and IGF-II (0.5-12 ng/ml) did not stimulate migration,
nor did acidic FGF (2-12 ng/ml) with or without heparin ( 1-
100 pg/ml). Next, we investigated the effect of TGF-(32, an
autocrine growth inhibitor produced by BSC-1 cells (29) that
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affects kinetic behavioral properties of diverse types of cells (30,
31). Fig. 4 A depicts the marked inhibitory effect of TGF-I32 on
migration of BSC- 1 cells (half-maximal concentration - 0.2
ng/ml). Moreover, ADP-stimulation of cell migration was to-
tally abolished by this autocrine factor (Fig. 5).

Cell movement is dependent in part on adhesion of plasma
membrane receptors (integrins) to specific ECMproteins such
as fibronectin, laminin, and vitronectin (32). As repair of kid-
ney tubular cell injury appears to require an intact basement
membrane (3), injury-induced migration would be expected to
depend on an interaction between the cell surface and ECM
proteins. To test this hypothesis, we examined the effect of the
synthetic peptide arginine-glycine-aspartic acid-serine (RGDS)
that competes with extracellular fibronectin for its plasma
membrane receptor and might thereby inhibit cell attachment
and migration (32, 33). RGDSpeptide at a concentration of 2
Atg/ml inhibited migration by 45%, and at 5 ,gg/ml inhibited by
more than 80% (P < 0.001) (Fig. 4 B). At a concentration of 5
,gg/ml, RGDSpeptide totally prevented ADP-stimulated mi-
gration (Fig. 5). The appearance of migrating cells in the pres-
ence of RGDSpeptide differed from cells in its absence. Cells
exposed to the peptide had irregular outlines, and appeared
condensed.

Heparin modulates the action of specific growth factors,
expression of growth-regulatory genes, and production of ECM
components (34-37), and stimulates migration of bovine capil-
lary endothelial cells in vitro (38). The effect of heparin on
migration of BSC- 1 cells was ascertained by adding specified
concentrations to wounded cultures and assaying migration 1 d
later. At a concentration of 2 ,ug/ml, heparin inhibited cell mi-
gration into the wound by 50%; increasing the concentration
up to 100 ,ug/ml did not augment this inhibitory effect (P
< 0.001) (Fig. 4 C). Enhancement of cell migration by ADP
was totally reversed by heparin at a concentration of 2 ,ug/ml
(Fig. 5).

To further characterize the mechanism by which ADPstim-
ulates migration, we tested the hypothesis that the effect of the
nucleotide is mediated by a receptor on the cell surface, as has

been proposed for platelets in which ADPinduces changes in
adhesion and shape (39). In platelets, these responses to ADP
appear to be mediated by a membrane receptor that can be
blocked by 5'-p-fluorosulfonylbenzoyladenosine (FSBA), an an-
alogue of the nucleotide that binds covalently to the ADPre-
ceptor (40). When FSBA (100 AM final concentration) was
added with ADPto wounded cultures, total inhibition of ADP-
induced cell migration was observed (Fig. 5). FSBA had no
effect on migration in the absence of ADPnor when migration
was stimulated by EGF. Thus, it appears that the capacity of
FSBA to block nucleotide stimulation of migration was me-
diated by preventing ADPbinding to the cell surface.

Discussion

The results indicate that adenosine, adenine nucleotides, and
cAMPstimulate migration of renal epithelial cells into wounds
made in monolayer cultures. Each of these compounds can
speed migration so that the denuded area is completely filled in
with cells 1 d after wounding, compared with 2 d in control
cultures. The stimulatory capacity of adenine nucleotides ap-
pears to be nucleotide-specific because other purine (guano-
sine) and pyrimidine (thymidine, uridine, cytosine) nucleo-
tides did not exhibit this effect. The adenosine moiety seems
critical for accelerated migration because adenosine was as ef-
fective as its derivatives containing one (AMP, cAMP), two
(ADP), or three (ATP) phosphate residues, and neither adenine
nor ribose phosphate had any effect. The capacity of ADPto
stimulate migration appeared relatively cell-type specific as it
was observed in renal epithelial cells of both monkey and ca-
nine origin, but not in fibroblasts.

Adenine nucleotides, particularly ADP, are the most potent
agents yet defined as stimulators of DNAsynthesis in BSC- 1
cells (8). The results of the present study indicate that 10- to
20-fold less ADPis sufficient to maximally stimulate migration
than is required for proliferation. That ADP(1 ,uM) could dou-
ble the rate of migration without initiating mitogenesis was
shown by demonstrating that cells at the edges of the wound
and within it did not exhibit increased labeling with bromo-
deoxyuridine. Thus, the rapid closure of epithelial cell wounds
after exposure to the low dose of ADPused in this study ap-
pears to result from the capacity of the nucleotide to stimulate
migration not proliferation. For EGF, the half-maximal con-
centration required to stimulate migration (0.4 ng/ml) (Fig. 3)
is also much lower than that needed for stimulation of DNA
synthesis (6 ng/ml) (41). In epithelial cells from rat liver, EGF
stimulation of migration is associated with inhibition of DNA
synthesis (42).

As BSC- 1 cells constitutively release PDGFand TGF-fl2
(15, 29), we were particularly interested in finding out if pep-
tide growth factors contribute to control of cell migration. The
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Figure 4. Effect of TGF-,B2 (A), RGDS
peptide (B), or heparin (C) on migra-
tion of BSC-1 cells into wounds made
in monolayer cultures. Each compound
was added immediately after creating
the wound, and the number of cells mi-
grating into it was counted after 24 h.
Values are means for 10 different
wounds in two cultures; SE was less
than 3%.
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ADP induces rapid reorganization of cytokeratin-8 filaments
and alters cell shape (23), which suggests a direct effect. Alterna-
tively, the effect of ADPon migration might be indirect. ADP
could induce production and/or release of an autocrine motil-
ity, or scatter factor (53) by BSC-1 cells that would stimulate
migration, which is suggested by our previous observation that
ADPinitiates rapid release of PDGFB chain-like protein (15).

Infusion of adenine nucleotides or EGFcan speed recovery
of injured kidney tubules in rats with experimental acute renal
failure (7, 54-56). The present study suggests that the beneficial
effects of these agents could be mediated in part by their capac-
ity to stimulate cell migration along the tubular basement
membrane, thereby promoting rapid reepithelialization of the
injured nephron. EGFor TGF-gi released from intact neighbor-

ADP ing renal cells or delivered by the circulation could also modu-
r- L , late migration. The results also suggest that adenosine, AMP,

FSBA TGF-.2 RGDS Heparin cAMP, ADP, and/or ATP liberated by injured or dying cells
could speed repair of the nephron by stimulating migration of

Figure 5. ADP-stimulated migration of BSC- l cells: effect of different
compounds. Wounds were made in high-density, quiescent cultures,
and each of the following agents was added at time 0 together with
ADP(10 ,qM): FSBA(100 ,M), TGF-f32 (1.5 ng/ml), RGDSpeptide
(5 gg/ml), or heparin (2 ,g/ml). The extent of cell migration into the
wound was assessed 24 h later as the migration index which was cal-
culated by the following formula: 100 x (number of cells in wound
to which an addition was made number of cells in control wound).
SE was less than 4%.

results indicated that EGFwas as potent as adenosine and ade-
nine nucleotides, basic FGFand IGF-I were much less stimula-
tory, and PDGF, IGF-II, and acidic FGFhad no effect. TGF-
,B2 was a very potent inhibitor of migration (half-maximal con-
centration - 0.2 ng/ml) both in the absence of ADP(Fig. 4)
and in its presence (Fig. 5). In contrast, the half-maximal con-
centration for TGF-42 is 20-fold higher for inhibition of
growth (4 ng/ml) (41) in confluent cultures of BSC- 1 cells than
for migration. Although EGFand TGF-ji are known to regu-
late migration in other types of cultured cells (19, 43-46), the
mechanisms by which they act are not known.

Cell migration depends on adhesion of cells to their substra-
tum, which includes roles for binding of ECMproteins to their
cell surface receptors (integrins), the cytoskeleton, plasmino-
gen activator, and plasminogen activator inhibitor. As migra-
tion of BSC- 1 cells is easily inhibited by the RGDSpeptide that
competes with fibronectin for its receptor, it is possible that
fibronectin-integrin binding may participate in migration both
in the presence and absence of ADP, as appears to be the case in
other types of cells. TGF-f has been shown to modulate cellu-
lar production of matrix proteins, plasminogen activator, and
plasminogen activator inhibitor (30, 47), and EGFstimulates
transcription of integrins in 3T3 fibroblasts (48). In rat liver
epithelial cells, EGF-induced migration is associated with al-
tered fibronectin and laminin gene expression (49), and ECM
proteins appear to modulate migration (50). In addition, acti-
vation of fibronectin receptor function has been demonstrated
in keratinocytes during cutaneous wound healing (5 1), and spe-
cific integrin subunits were detected in migrating, but not rest-
ing, keratinocytes (52).

That ADPbinds to a specific receptor on the cell surface
and thereby signals cell movement is suggested by the observa-
tion that the ADP analogue FSBA inhibited nucleotide-in-
duced migration (Fig. 5). We have previously reported that

surviving cells. Higher extracellular concentrations of adenine
nucleotides achieved by infusion or cellular release could stimu-
late migration of surviving cells from the edges of the wound to
replace detached necrotic cells, and also initiate DNAsynthesis
to speed the regenerative process.
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