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Mactinin treatment promotes wound-healing-associated
inflammation in urokinase knockout mice
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ABSTRACT

Mactinin, a 31 kDa fragment from the amino-terminal end of a-actinin, is
chemotactic for monocytes and can promote monocyte/macrophage maturation.
Macrophages are essential for wound healing, in which they play key roles in de-
bridement, angiogenesis, fibroblast proliferation, and collagen metabolism. We
have previously determined that urokinase is necessary to form mactinin from
extracellular a-actinin, which may be present at sites of inflammation as a result
of cell movement. Thus, urokinase knockout mice are unable to form mactinin
and therefore are an ideal model to study mactinin’s effects on wound healing.
Saline- and mactinin-treated wounds were analyzed in a subcutaneous sponge
wound model in both wild-type and urokinase knockout mice. The wounded
urokinase knockout mice had markedly decreased leukocyte infiltration com-
pared with wounded wild-type mice. In addition, production of the proinflam-
matory cytokine, interleukin-12, and of collagen was also decreased in
knockouts. Treatment of knockout mice with mactinin resulted in leukocyte in-
filtration numbers, interleukin-12 levels, and hydroxyproline measurements sim-
ilar to those in wild-type mice. The results suggest that impaired wound healing in
urokinase-deficient mice can be restored by administration of mactinin.

It is known that macrophage function is important for
wound healing.1,2 Thus, wounds made devoid of macro-
phages by hydrocortisone and anti-macrophage serum3 or
depleted of macrophages by radiation therapy4 show de-
layed healing. Furthermore, local injections of macro-
phages into wounds can accelerate healing.5 Usually after
injury, monocytes, in response to chemotactic factors, ar-
rive at the wound site within 6–8 hours.6 Once in the tissue,
these blood cells can differentiate into macrophages.7 In
the early phase of wound healing, macrophages and the
cytokines and enzymes that they produce are important
for debridement and angiogenesis.1 In later stages, they
promote fibroblast proliferation and modulate collagen
metabolism. Indeed, agents that enhance macrophage
function, including glucan1 and macrophage colony-stim-
ulating factor,8 have shown beneficial effects on wound
healing.

Mactinin is a 31 kDa amino-terminal fragment of the
cytoskeletal protein, a-actinin, which promotes monocyte/
macrophage maturation9 and is chemotactic for mono-
cytes.10 Therefore, it may play a role in recruiting mono-
cytes to areas of inflammation and in enhancing their
function. The mactinin fragment can be generated by

monocyte-secreted urokinase degradation of extracellular
a-actinin.11,12 a-Actinin is present in focal adhesion com-
plexes13 and may be left in the microenvironment as a re-
sult of cell movement,11 such as may occur during the
inflammatory response. Thus, it is not surprising that we
have found mactinin at various sites of inflammation,
including in bronchoalveolar lavage fluid from mice after
intratracheal challenge with Pneumocystis carinii14 and in
synovial fluid from patients with various arthritides.10

Urokinase-deficient animals are not able to produce
mactinin.12 These animals also have deficient macrophage
recruitment in response to infection14 and other inflamma-
tory conditions.15 Approximately 5% of urokinase knock-
out mice develop nonhealing ulcerations of the eyelids and
ears, possibly from scratching against the cage grid.16 In-
deed, the absence of urokinase may have many effects on
wound healing. Urokinase mediates arterial neointima

GST Glutathione S-transferase

IL Interleukin

uPA Urokinase-type plasminogen activator
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formation during vascular wound healing,17 and urokin-
ase knockout mice show reduced neointima formation and
smooth muscle migration following arterial injury. Vascu-
lar smooth muscle cells from urokinase-deficient animals
also display a reduced mitogenic response to fibroblast
growth factor in vitro.18 Macrophages derived from uro-
kinase knockouts also display reduced ability to degrade
extracellular matrix, an important step in tissue remode-
ling.16 The current studies should help establish the role of
urokinase-generated mactinin in wound healing.

In these studies, using a sponge wound model,19–21 we
examined wound healing in wild-type and urokinase
knockout mice by assessing leukocyte infiltration, histolo-
gy, cytokine production, and collagen production as meas-
ured by hydroxyproline content. By measuring the effects
of mactinin treatment in this model, the current studies
suggest that mactinin plays an important role in wound
healing.

MATERIALS AND METHODS

All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Min-
neapolis Veterans Affairs Medical Center.

Source of mactinin

Because mactinin is difficult to purify from urokinase deg-
radation of 100 kDa a-actinin, a fusion protein containing
the chicken actin-binding domain of a-actinin, which dif-
fers from mactinin only in containing a few additional
amino acid residues on the carboxyl end, and glutathione
S-transferase (GST) with an engineered thrombin cleavage
site was expressed in Escherichia coli and cleaved.12 The
cleavage products were separated by reverse-phase high-
performance liquid chromatography on a C-4 column,
yielding more than 90% of endotoxin-free a-actinin frag-
ment, with the remaining 10% being GST. This prepara-
tion will be referred to as recombinant mactinin and was
used both to treat animal wounds and to generate antisera
for detecting mactinin.

Antisera production

To generate highly sensitive antisera for detecting mac-
tinin, recombinant mactinin was modified by dinitrophe-
nol coupling and injected into New Zealand white rabbits
with complete Freund’s adjuvant as described previous-
ly.12 Boosters were performed with fragment and incom-
plete Freund’s adjuvant. Antisera were immunoaffinity
purified as described previously.12

Animals for wounding

Initial wounding experiments were conducted on Fisher
rats (150–200 g, Charles River Breeding Laboratories,
Wilmington, MA) to determine the optimal method of
mactinin treatment delivery. Transgenic urokinase-type
plasminogen activator (uPA)-deficient mice (uPA� /� )
and background-matched control mice (wild-type) were
then studied. The uPA knockout mice were generous gifts
from Dr. Peter Carmeliet. They were developed as de-
scribed previously,16 and their genotype was confirmed by

PCR analysis.22 Three animals were used per treatment
group.

Sponge implantation

Animals were anesthetized with sodium pentobarbital (5
mg/100 g of body weight). The lower back was shaved and
the skin cleansed with a 70% solution of isopropanol. In
the rats, cellulose vicose sponges (Cellomedia, OY, Turku,
Finland) consisting of a cylinder (15 mm long and 10 mm
diameter) with a central tunnel (3 mm diameter) were used.
Before implantation, silicone rubber septa were stitched on
each end to create a stable dead space. In the mice, poly-
vinyl alcohol sponges (Unipoint Industries, High Point,
NC) measuring �1 cm2 and 0.5 cm in thickness were used.
The sponges were implanted subcutaneously in the dor-
sum of each animal under sterile conditions.19 The incision
was closed with autoclips. At designated times after im-
plantation of the sponges (1, 3, or 7 days), animals were
killed with CO2 asphyxiation and the sponges were har-
vested.20

Mactinin treatment of wounds

All sponges were soaked overnight in saline alone, 0.2 nM
GST in saline, or 2 nM recombinant mactinin in saline be-
fore wounding. The GST concentration was one-tenth that
of mactinin to control for the contamination of GST in the
recombinant mactinin. This concentration of mactinin is
above the threshold concentration required for macro-
phage maturation and chemotactic activity in vitro.10 In
later experiments, an Alzet pump with a catheter was also
filled with the appropriate agent before subcutaneous in-
sertion. The other end of the catheter was stitched into the
middle of the mouse sponge. The 100 mL pump (Alzet
Pumps, Cupertino, CA, catalogue #1007D) then provided
continuous infusion of the treatment for 1 or 7 days at a
rate of 0.5 mL/hour. Each lot of pumps was tested by the
manufacturer to determine exact pumping rate and reser-
voir volume and to ensure accurate compound delivery.

Sponge harvesting

After sponges were harvested, fluid contained in the
sponges was squeezed out with forceps and centrifuged,
and the supernatant was frozen at � 80 1C until assay.
Polyvinyl alcohol sponges from mice were then placed in 5
mL syringe cylinders contained within sterile test tubes
and centrifuged for 10 minutes (400� g) at 4 1C. To max-
imize cell recovery, the sponge was placed in a sterile Petri
dish with 1 mL RPMI media containing 10% fetal calf se-
rum, and gentle pressure was applied several times before
removing the fluid with a pipette. This was repeated twice.
The liquid from each sponge was pooled with the initial
cell pellet for counting. An aliquot of the pooled liquid was
centrifuged (Cytospin 2, Shandon, Pittsburgh, PA) onto a
glass slide for nonspecific esterase staining.9

Results are expressed as mean� standard deviation,
and comparisons were made using a two-tailed unpaired t
test. To increase sample numbers while using few animals,
saline-treated and GST-treated mice were combined as the
control group. Some sponges are routinely analyzed for
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cell recovery by measuring DNA content after processing
by the method of Singer et al.23

Sponge histology

At initial harvest, a small piece of each sponge was frozen
in liquid nitrogen. The pieces were then sectioned and
stained with hematoxylin–eosin for light microscopic
analysis.

Wound fluid analysis

Aliquots of wound fluid were subjected to electrophoresis
on a 12% sodium dodecyl sulfate-polyacrylamide gel elect-
rophoresis gel under reducing conditions. Immunoblot
analysis using affinity-purified rabbit antisera raised
against recombinant mactinin was performed as described
previously.12 All Western blot analyses were repeated with
similar results and also run using rabbit immunoglobulin
(Ig)G controls. Wound fluid was also assayed for interleu-
kin (IL)-12 p40 by an enzyme-linked immunosorbent as-
say (R&D Systems, Minneapolis, MN).

Hydroxyproline measurement

Hydroxyproline content of the harvested sponges was de-
termined using the method described by Reddy and
Enwemeka.24 Briefly, sponges were lyophilized and
weighed, and then hydrolyzed in 2 N sodium hydroxide.
Aliquots of the hydrolyzed samples were reacted with
chloramine-T and Erhlich’s reagent, and the absorbance
of the resulting solution at 550 nm was compared with
standard hydroxyproline.

RESULTS

To determine whether mactinin is present in wounds, the
cell-free supernatant from centrifuged, harvested saline-
soaked control sponges was analyzed by Western blot us-
ing affinity-purified antisera to mactinin. Both rats (Figure
1) and wild-type mice (Figure 2, lanes 2–4) had an
immunoreactive band corresponding to mactinin in
wound fluid 24 hours after wounding. Our rat data sug-
gest that the amount of mactinin increases through day 7.
That is, by densitometry, 10 mL of wound fluid on day 1
contained 0.62 � 0.17 ng mactinin, 1.26 � 0.32 ng on day
3, and 2.21 � 0.27 ng on day 7.

Mactinin is not produced by urokinase knockout mice

We have previously reported that urokinase is necessary
and sufficient for mactinin formation in vitro and in
vivo.12 In that report, bronchoalveolar lavage fluid from
urokinase knockout and wild-type mice was studied after
intratracheal challenge withP. carinii. Althoughmost (6 of
8) wild-type mice had mactinin in their inflammatory fluid
samples, none (0 of 8) of the knockout mice had mactinin.
As shown in Figure 2, knockout mice in the sponge wound
model also lack mactinin (upper band) in their inflamma-
tory fluid (lanes 6–8) in contrast to wild-type mice (lanes
2–4). There may be a minimal amount of mactinin in one
of the knockouts (lane 8), but it is well below the level of in
vitro activity. The lower band in the mouse wound fluid
lanes is also present in controls run with rabbit IgG as the
primary antibody, suggesting that it represents nonspecific
cross-reactivity.

Effects of mactinin treatment on wound cellular

infiltrate

In initial experiments, soaking the sponges in mactinin
overnight before implantation did not appear to be an ad-
equate form of mactinin delivery in rats. That is, there was
no difference in the amount of mactinin detected in har-
vested fluid from mactinin-treated or saline-treated spong-
es and no difference in markers of wound repair or
histology. We felt that this lack of demonstrable mactinin
may be due to loss or degradation of mactinin. So, in the
present treatment studies in wild-type and uPA knockout
mice, osmotic pumps were used to continuously deliver the
fragment and replenish the mactinin in the sponges every
6 hours. That is, the sponge was first soaked overnight in
2 nM mactinin, a concentration with in vitro maturation-
promoting and chemotactic activity. Then, at an infusion
rate of 0.5 microliters per hour and a measured sponge
volume of 500 mL, the pump was filled with 333 nM mac-
tinin to fill the sponge with 2 nM every 6 hours.

As shown in Table 1, wounds in uPA knockout mice
had significantly reduced total and esterase-positive infil-
trating leukocytes compared with those in wild-type mice.
However, mactinin significantly increased the number of
leukocytes in knockout mice wounds to a level not signif-
icantly different from that seen in wild-type mice by day 7.
In contrast, a significant increase in white blood cell

Figure 1. Western blot analysis of rat wound fluid at various

time points. Rat wound fluid (10 mL) was harvested from cellu-

lose viscose sponges on day 1 (lanes 1 and 2), day 3 (lanes 3

and 4), and day 7 (lanes 5 and 6) postwounding. Controls with

rabbit immunoglobulin G were negative for all samples. The 29

kDa molecular weight marker is indicated.

Figure 2. Western blot analysis of murine wound fluid from

wild-type and uPA knockout mice. Wound fluid (10 mL) harvest-

ed from wild-type (lanes 2–4) and uPA knockout (lanes 6–8)

mice 1 day after wounding was analyzed. Control chicken mac-

tinin (0.4 ng) is shown in lanes 1 and 5. In the mouse, the cal-

culated molecular weight of mactinin is 31.8 kDa, which is 820

Da more than in the rat or chicken. The lower band seen in

lanes 2–4 and 6–8 is also present in controls with rabbit

immunoglobulin G.
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infiltrate was not seen on day 1 in mactinin-treated knock-
outs (300,000� 151,300 cells per sponge) vs. saline-treated
knockouts (216,700� 100,500). This lack of early effect
may have been due to the monocytic component of the in-
filtrate being minor (about 10%) on day 1. The numbers of
cells staining positive for nonspecific esterase, which indi-
cates monocytic differentiation, were also significantly in-
creased by mactinin treatment of wounds in uPA
knockout mice on day 7 (Table 1), but not day 1 (data
not shown). In addition, in the wild-type mice, mactinin
treatment increased esterase-positive cells significantly
compared with controls.

Effects of mactinin treatment of wounds on IL-12 levels

As shown in Table 2, IL-12, which is produced by
phagocytes and plays a key role in cell-mediated immuni-
ty,25 was significantly decreased in wounds of uPA knock-
out mice compared with those in wild-type mice. Further,
mactinin treatment of knockout mice significantly in-
creased IL-12 to a level not significantly different from
that seen in wild-type mice. In contrast, as also seen in Ta-
ble 2, mactinin treatment of wild-type mice had no signif-
icant effect, perhaps due to the endogenous production of
mactinin.

Effects of mactinin treatment of wounds on collagen

production

Collagen production was assessed by measuring hydroxy-
proline content of the day 7 harvested sponges, as shown

in Table 3. The control uPA knockout mice had signifi-
cantly less hydroxyproline compared with control wild-
type mice. Also, mactinin treatment of knockouts signifi-
cantly increased hydroxyproline content to a level not sig-
nificantly different from control wild-type animals.
Although mactinin did not significantly increase hydroxy-
proline in sponges from wild-type animals, levels in mac-
tinin-treated wild-type animals were significantly different
from mactinin-treated uPA knockouts.

Effects of mactinin on wound histology

As shown in Figure 3, light microscopy confirms our quan-
titative data in Table 1 that mactinin treatment increased
the cellular infiltrate in uPA knockout mice (B) compared
with saline-treated knockouts (C) and restored it to a level
similar to that seen in wild-type mice (A).

DISCUSSION

Urokinase knockout animals are a useful model in which
to study wound healing. Urokinase has been implicated in
cell migration, angiogenesis, extracellular matrix synthe-
sis, and tissue remodeling,26 all important steps in wound
healing. Indeed, urokinase expression is up-regulated dur-
ing healing in the tendon healing model26 and following
mechanical wounding of corneal epithelial cells.27 Conse-
quently, it is not surprising that the uPA knockouts would

Table 1. Mactinin’s effects on leukocyte infiltration on day 7

Treatment

Wild-type uPA knockouts

WBC Esterase 1 WBC Esterase 1

Control 19.7� 6.6 7.5� 2.4 5.0� 2.1 2.6� 1.0

Mactinin 27.3� 12.5 17.5� 3.2 14.4� 2.6 6.7� 0.4

Values (� 10� 5) are expressed as the means�SD and represent total cells per sponge. WBC is an abbreviation of white blood cells.

The following comparisons were significantly different by an unpaired, two-tailed t test. WBC-control knockouts vs. control wild-

types (p 5 0.0078), mactinin knockouts vs. control knockouts (p 5 0.0032), mactinin wild-types vs. control knockouts (p 5 0.0167).

Esterase-positive – control knockouts vs. control wild-types (p 5 0.0333), mactinin knockouts vs. control knockouts (p 5 0.03), mac-

tinin wild-type vs. control knockouts (p 5 0.0043). Mactinin wild-types vs. control wild-types (p 5 0.0282).

All other comparisons are not significant.

Table 2. Mactinin’s effects on IL-12 levels on day 7 (pg/ml)

Treatment Wild-type uPA knockouts

Control 1930� 210 1352� 146

Mactinin 1634� 106 2120� 196

Values (pg/mL) are expressed as the mean�SD.

The following comparisons were significantly different by

an unpaired, two-tailed t test: control wild-type vs. control

knockouts (p 5 0.0075) and mactinin-treated knockouts vs.

control knockouts (p 5 0.0053). All other comparisons are not

significant.

Table 3. Mactinin’s effects on hydroxyproline production on

day 7

Treatment Wild-type uPA knockouts

Control 0.40� 0.06 0.12� 0.03

Mactinin 0.51� 0.08 0.32� 0.03

Values are expressed as the mean�SD (mg/mg sponge).

The following comparisons were significantly different by an

unpaired two-tailed t test: control wild-type vs. control knock-

outs (p 5 0.0002), mactinin-treated knockouts vs. control

knockouts (p 5 0.0002), and mactinin-treated knockout vs.

mactinin-treated wild-types (p 5 0.0263). All other compari-

sons are not significant.
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display decreased inflammatory cell infiltration in the
sponge wound model.

In addition, because urokinase is required for the for-
mation of the chemotactic and macrophage maturation-
promoting factor, mactinin,9 the role of mactinin in
wound healing can be specifically assessed in this knock-
out model. Mactinin was able to significantly increase the
leukocyte infiltrate and especially the monocyte/macro-
phage component in the uPA knockout animals. In fact,
although the number of animal wounds analyzed was
small, mactinin appeared to be able to completely correct
the decreased mononuclear phagocyte response seen in the
knockouts. This was evident by both cell counts of sponge
fluid and by histological examination of the wounds. Mac-
tinin’s effects on the leukocyte infiltration in wounded
wild-type mice were more modest and only reached statis-
tical significance for the esterase positive component. This
may have been due to the endogenous production of mac-
tinin in wild-type animals.

IL-12 is produced bymonocytes, macrophages, and neu-
trophils.28 It acts on T cells, inducing interferon-g produc-
tion and promoting T cell differentiation.29 It has been
shown previously that urokinase knockout mice have de-
creased IL-12 levels in the lung in response to pulmonary
Cryptococcal neoformans infection and display impaired
antimicrobial activity.30 In the present study, wounded
urokinase knockout mice had decreased IL-12 levels com-
pared with wild-type ones, and mactinin treatment of uPA
knockout mice resulted in increased IL-12 levels similar
to those seen in wild-type mice. These results indicate
that urokinase-deficient animals have an impaired inflam-
matory response to wounding that is, in large part, cor-
rected by urokinase-generated mactinin. In addition,
mactinin appears to promote wound repair, as measured
by collagen production, in the urokinase knockout mice.
Given the many roles of urokinase, it is likely that there are
components of wound healing in the knockouts that are
not corrected by mactinin. However, the amount of fluid
and sponge material available for analysis in this murine
model is limited. Nevertheless, our results show a role
for mactinin in wound-associated leukocyte migration,
cytokine production, and collagen metabolism, and thus
suggest a significant positive effect of mactinin on wound
healing.
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