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SUMMARY: Reperfusion injury is a troublesome and unresolved problem in acute myocardial infarction and is believed to be
associated with inflammatory reactions in which various types of cells and cytokines participate, in particular, macrophages and
monocyte chemoattractant protein-1 (MCP-1). We designed this study to clarify the role and relationship of macrophages and
MCP-1 in ischemic and reperfused heart. The number and distribution of macrophages and MCP-1 messenger RNA (mRNA) in
the ischemic and reperfused rat heart were examined with in situ hybridization and immunohistochemistry. Myocardial samples
were obtained at several times. In situ hybridization was performed with digoxigenin-labeled antisense RNA probe for rat MCP-1
mRNA, and immunohistochemistry was performed with antimacrophage antibody. Double staining with in situ hybridization and
immunohistochemistry was also performed. The number of MCP-1 mRNA-positive cells increased after reperfusion and peaked
at 3 hours after reperfusion. Early infiltration of ischemic tissues by macrophages was also observed at the time of the absence
of an increase of MCP-1 mRNA-positive cells, and this infiltration was not significantly accelerated by reperfusion, but by
ischemia itself. The numbers of both MCP-1 mRNA-positive cells and macrophages increased in the ischemic marginal region
over time. From the result of double staining, and based on the cellular morphology and the distribution, the majority of MCP-1
mRNA-positive cells appeared to be activated macrophages. This suggests that macrophages may not be attracted to cardiac
tissue only by MCP-1 and that MCP-1 may have some roles other than attracting macrophages into ischemic heart. It also
suggests that macrophages and MCP-1 may play an important role in reperfusion injury and that MCP-1 may be one of the key
molecules of reperfusion injury. These observations may contribute to the development of a new therapeutic approach to the
prevention of reperfusion injury. (Lab Invest 2000, 80:1127–1136).

M yocardial damage caused by reperfusion in
acute myocardial infarction (AMI) has been a

troublesome problem, particularly in the past two
decades. In 1977, Gruentzig introduced the clinical
use of percutaneous transluminal coronary angio-
plasty, and now, early myocardial reperfusion by var-
ious interventions limits the death rate of patients who
sustain a myocardial infarction, particularly when per-
formed during its acute phase. However, this life-
saving therapeutic approach remains burdened by the
phenomenon of reperfusion injury.

Myocardial ischemia and reperfusion injury are be-
lieved to be associated with inflammatory reactions

involving various types of cells and cytokines (Entman
and Smith, 1994; Fishbein et al, 1978). These cells and
cytokines probably have an effect on their own num-
bers, distributions, and activities during the evolution
of AMI. Therefore, it has been difficult to clarify the
interactions among them and their respective roles. As
a result, no effective measure has thus far been
developed to prevent reperfusion injury. On the other
hand, it has recently been reported that the adminis-
tration of estrogen lowered myocardial necrosis and
myeloperoxidase activity by inhibiting the production
of tumor necrosis factor a by macrophages in a rat
model of myocardial ischemia and reperfusion
(Squadrito et al, 1997).

The importance of macrophages in myocardial isch-
emic injury has been demonstrated, and the relation-
ships among macrophages and various molecules,
such as nitric oxide and osteopontin, have been
recently reported (Murry et al, 1994; Suzuki et al,
1996). The recruitment of macrophages is believed to
be accelerated by monocyte chemotactic and activat-
ing factor (MCAF)/monocyte chemoattractant
protein-1 (MCP-1), and plasma concentrations of
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MCAF/MCP-1 are known to be increased in patients
with AMI (Matsumori et al, 1997).

However, it has recently been reported that macro-
phages are not attracted simply by MCAF/MCP-1, but
they are also attracted by various immunological
agents, for example, complements (Birdsall et al,
1997). Also, we think that the roles and relationship of
macrophages and MCAF/MCP-1 are not clear enough
in cardiac ischemia and reperfusion and that it is
necessary for new therapeutic approach to clarify

them. For these reasons we designed this study in the
ischemic and reperfused rat myocardium.

Results

In Situ Hybridization

MCP-1 mRNA-positive cells were rare (5.7 6 2.4
cells/mm2; n 5 3) in the rat hearts at 1 hour after
myocardial ischemia without reperfusion (Fig. 1A and

Figure 1.
In situ hybridization with digoxigenin (DIG)-labeled antisense RNA probe of rat monocyte chemoattractant protein 1 (MCP-1) mRNA. Positive cells (arrows) are rare
in the hearts at 1 hour (A) and 2 hours (B) after ischemia without reperfusion. Positive cells (arrows) are increased in the hearts at 1 hour (C), 3 hours (D), and 6
hours (E) after reperfusion. Ischemic regions and nonischemic regions are the left and the right sides, respectively, on photomicrographs D and E. Positive cells tend
to be gradually redistributed in the marginal ischemic region. Most of positive cells (arrow) are suggested to be macrophages morphologically (F). (A, B, C, D, and
E; Bar 5 20mm) (F; Bar 5 5mm)
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Fig. 2), and they did not increase significantly (16.6 6 7.1
cells/mm2; n 5 3) in the hearts at 2 hours after ischemia
without reperfusion (Fig. 1B and Fig. 2). In contrast, the
number of positive cells in the hearts at 1 hour after
reperfusion (73.6 6 16.7 cells/mm2; n 5 5) (Fig. 1C) was
significantly greater than in the hearts at 2 hours after
ischemia without reperfusion (p 5 0.0472) (Fig. 2). Fur-
thermore, the number of positive cells in the hearts at 3
hours after reperfusion (136.4 6 10.9 cells/mm2; n 5 5)

(Fig. 1D) was significantly greater than in the hearts at 1
hour after reperfusion (p 5 0.0137) (Fig. 3).

The number of positive cells in the hearts at 6
hours after reperfusion (130.9 6 16.3 cells/mm2; n 5
5) (Fig. 1E) was not significantly different from their
number in the hearts at 3 hours after reperfusion
(Fig. 3). Over time, the number of positive cells
decreased in the central ischemic region and in-
creased in the border zone (Fig. 4). Based on the

Figure 2.
Mean numbers of MCP-1 mRNA positive cells in the hearts at 1 hour after ischemia without reperfusion (IWR), 2 hours after IWR, and 1 hour after reperfusion (R).
The increase in number of positive cells is significantly accelerated after R. *p , 0.05 vs 1 hour after IWR. #p , 0.05 vs 2 hours after IWR.

Figure 3.
Mean numbers of MCP-1 mRNA positive cells in the hearts at 1 hour, 3 hours, and 6 hours after reperfusion (R). The number of positive cells peaks at 3 hours after
R. *p , 0.05 vs 1 hour after R.
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cellular morphology and distribution, the majority of
MCP-1 mRNA-positive cells appeared to be macro-
phages (Fig. 1, A-F).

Immunohistochemistry

Few macrophages (1.0 6 0.5 cells/mm2; n 5 2) were
detected in sham-operated rat hearts, either with
anti-activated-macrophage antibody Ki-M2R or with
antimonocyte/dendritic cell/macrophage antibody
ED1 (Fig. 5). Activated macrophages were detected in
the hearts as early as at 1 hour after ischemia without

reperfusion (Fig. 6A), and the number of macrophages
at 1 hour after ischemia (103.3 6 29.3 cells/mm2; n 5
5) was significantly greater than the number in sham-
operated hearts (p , 0.01) (Fig. 5). The mean numbers
of activated macrophages in the hearts at 1 hour after
ischemia without reperfusion, at 2 hours after isch-
emia without reperfusion, at 1 hour after reperfusion,
at 3 hours after reperfusion, and at 6 hours after
reperfusion were 103.3 6 29.3, 135.3 6 31.9, 156.8 6
35.4, 131.2 6 12.6, and 134.8 6 13.1 cells/mm2,
respectively (n 5 5 each). These differences were not
statistically significant (Fig. 5; Fig. 6, A-E; and Fig. 7),

Figure 4.
Ratios of the numbers of MCP-1 mRNA positive cells in the marginal versus central ischemic regions of the hearts at each time point. The ratio increases significantly
over time. IWR, ischemia without reperfusion; R, reperfusion. *p , 0.05 vs 1 hour after R. #p , 0.01 vs 3 hours after R.

Figure 5.
Mean numbers of activated macrophages in the hearts at 1 hour after ischemia without reperfusion (IWR), 2 hours after IWR, and 1 hour after reperfusion (R), and
in sham-operated hearts (Sham). Activated macrophages are already significantly increased at 1 hour after IWR, and the number of activated macrophages have not
significantly increased after R. The number of detected cells in Sham was almost the same, either with Ki-M2R, anti-activated macrophages antibody or with ED1,
antimonocyte/macrophage/dendritic cell antibody. *p , 0.01 vs Sham.

Kakio et al

1130 Laboratory Investigation • July 2000 • Volume 80 • Number 7



and, accordingly, the peak of the infiltration of macro-
phages was suggested to be earlier than at 1 hour
after ischemia.

These activated macrophages were widely distrib-
uted between the central and marginal regions of
ischemia, and over time, the number of macrophages
tended to be lower in the central region than in the
marginal region, although the difference was not sta-
tistically significant (Fig. 8).

In addition, many granulocytes were detected in the
hearts as early as at 1 hour after reperfusion (Fig. 6F).

However, neither T helper nor T cytotoxic/suppressor
cells were found in the hearts at 1 or 3 hours after
reperfusion (not shown).

Double Staining

We counted the number of activated macrophages
detected with Ki-M2R, the anti-activated-macrophage
antibody, among each 100 MCP-1 mRNA-positive
cells selected at random in the double-stained cardiac
tissues at 3 hours after reperfusion (n 5 3). The

Figure 6.
Immunohistochemistry with Ki-M2R as anti-activated macrophage antibody and with MCA149A as antigranulocyte antibody. Abundant macrophages (arrow) are
already visible in the ischemic hearts at 1 hour after ischemia without reperfusion (A). Macrophages (arrows) have not significantly increased in the hearts, either
at 2 hours after ischemia without reperfusion (B), 1 hour after reperfusion (C), 3 hours after reperfusion (D), or 6 hours after reperfusion (E). A similar tendency of
MCP-1 mRNA-positive cells toward gradual redistribution to the marginal ischemic region is apparent about activated macrophages. Abundant granulocytes (arrow)
are also present at 1 hour after ischemia without reperfusion (F). (A, B, C, D, E, and F; Bar 5 20mm)
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resulting data showed that the majority (68.7%) of
MCP-1 mRNA-positive cells were activated macro-
phages in the hearts at 3 hours after reperfusion (Fig.
9, A and B; Table 1).

Discussion

Reperfusion injury is an important clinical problem that
remains unresolved, despite the success of various early
reperfusion methods in decreasing direct ischemic injury
and in improving the survival rate of patients with AMI.

Histopathologically, it has been shown that neutro-
phils first penetrate the infarcted myocardium, followed
by macrophages, and it has been reported that neutro-
phils are associated with reperfusion injury, in concert
with the induction of intracellular adhesion molecule-1
(ICAM-1), interleukin (IL)-6, or IL-8 (Hawkins et al, 1996;
Kukielka et al, 1993, 1995a, 1995b; Neumann et al, 1995;
Youker et al, 1994). It has also been reported that
reperfusion is associated with an increase in the number
of macrophages compared with the nonreperfused

Figure 7.
Mean number of macrophages in the hearts at 1 hour, 3 hours, and 6 hours after reperfusion (R). The numbers of macrophages are not significantly different among
the three time points.

Figure 8.
Ratios of the numbers of macrophages in the marginal versus central ischemic regions of the hearts at each time point. The ratio increases significantly over time.
IWR, ischemia without reperfusion; R, reperfusion. *p , 0.05 vs 1 hour after R.
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myocardium (Morita et al, 1993). In the present study,
however, macrophages, like neutrophils, were already
present in the early stages of ischemia, and their number
was not significantly increased by reperfusion. The ma-
jority of these macrophages were suggested to be not
resident, but newly recruited, because few macrophages
were detected in sham-operated hearts, either with
anti-activated-macrophage antibody Ki-M2R or with an-
timonocyte/dendritic cell/macrophage antibody ED1.
Surely, it has recently been reported that macrophages
are resident in normal heart, but the number of resident
macrophages is less than 10 per square millimeter
(Frangogiannis et al, 1999; Keller et al, 1988), and this is
not so different from sham-operated rat heart in the
present study.

MCP-1, one of the C-C chemokines of the super-
family of chemokines, is associated with the recruit-
ment of macrophages. It is produced in nearly all
types of cells, including macrophages, and is induced
by such inflammatory cytokines as IL-1, tumor necro-
sis factor-a, and others (Liebler et al, 1994; Takahashi
et al, 1995; Weyrich et al, 1995). Furthermore, MCP-1
does not only recruit macrophages, but also stimu-
lates them to induce the release of lysozomal enzymes
and the production of active oxygen (Furie and Ran-
dolph, 1995), and it is a major attractant of human T

lymphocytes (Loetscher et al, 1994). Its association
with macrophages in myocardial ischemia and reper-
fusion, however, remains unclear.

Kumar et al (1997) have reported that no significant
MCP-1 induction was observed in the absence of
reperfusion in a dog model of ischemia and reperfu-
sion. Birdsall et al (1997) have reported that comple-
ment C5a, transforming growth factor-b, and MCP-1,
in sequence, recruit monocytes into ischemic myocar-
dium within 1 to 5 hours after reperfusion in a dog
model. In the present study, a significant acceleration
of the production of MCP-1 mRNA by reperfusion was
also observed. These observations suggest that
MCP-1 controls the influence of macrophages and
other cells on cardiac tissue after reperfusion and that
it may represent one of the key molecules in reperfu-
sion injury. Furthermore, in the present study, the early
infiltration of ischemic tissue by macrophages at the
time of the absence of an increase of MCP-1 mRNA-
positive cells strongly suggests that MCP-1 partici-
pates in reperfusion injury, not by recruiting macro-
phages, but by activating macrophages themselves or
by affecting other cells, including T lymphocytes.

Kumar et al (1997) have also described the produc-
tion of MCP-1 by the endothelium of the small veins in
a dog model of ischemia and reperfusion. However, in
the present rat model of ischemia and reperfusion, we
found that the majority, more than two-thirds, of
MCP-1 mRNA positive cells were newly recruited and
activated macrophages. This suggests that macro-
phages may affect themselves, each other, or other
cells by the production of MCP-1 at least, within a few
hours of reperfusion in rat heart. Moreover, the fact
that the number of activated macrophages was in-
creased either with reperfusion or without reperfusion
and that the production of MCP-1 mRNA was accel-
erated only by reperfusion suggests that MCP-1 may
be more closely concerned with reperfusion injury
than macrophages themselves. Accordingly, the abil-
ity to control the activity of macrophages or other cells
by modulating the production or inhibiting the action
of MCP-1 may lead to the design of new therapies to
prevent reperfusion injury.

Moreover, we believe that such therapy would be
clinically applicable, since the production of MCP-1,
later than the production of MCP-1 mRNA, was low
within the first few hours of ischemia without reperfu-
sion and was significantly increased by reperfusion.
This would allow the delivery, in a timely fashion, of
therapy to prevent reperfusion injury, including reper-
fusion achieved by various methods in the hospital.
Our earlier observations, in a rat model of ischemia
and reperfusion, of a decrease in infarct size and
increase in survival rate by the administration of anti-
MCP-1 antibodies just before reperfusion (Ono et al,
1999) are in support of this hypothesis.

In addition, Okada et al (1998) have reported that
MCP-1 is up-regulated by cyclic stretch in human
endothelial cells, and Furukawa et al (1999) have
reported that anti-MCP-1 treatment reduces neointi-
mal hyperplasia in early neointimal lesion formation at
balloon injury of rat carotid artery. Accordingly, mod-

Figure 9.
Double staining with in situ hybridization with DIG-labeled antisense RNA
probe of rat MCP-1 mRNA and immunohistochemistry with Ki-M2R as
anti-activated macrophage antibody in the hearts at 3 hours after reperfusion.
Staining with in situ hybridization is recognized inside the cell (violet; arrow)
and staining with immunohistochemistry is recognized on the surface of the
cell (brown; arrowhead) (A and B). It is clear that activated macrophages
produce MCP-1 mRNA. (A; Bar 5 5mm)(B; Bar 5 2mm)
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ulating the production or inhibiting the action of
MCP-1 may also lead to the prevention of balloon
injury and restenosis, and this may truly be a case of
killing two birds with one stone in intervention by
catheter for AMI.

Materials and Methods

Ischemia-Reperfusion Model

The experiments were performed in 10-week-old male
Wistar rats. The animals were anesthetized with so-
dium pentobarbital (50 mg/kg, ip) and ventilated by
respirator with pure oxygen after tracheotomy. A mid-
line thoracotomy was performed to gain access to the
heart and mediastinum, and the left anterior descend-
ing artery was occluded with a 5–0 silk ligature.
Ischemia was directly confirmed by visible discolora-
tion and maintained for 1 hour. Reperfusion was
achieved by releasing the ligature. Five rats each were
killed at 1 hour, 3 hours, and 6 hours, respectively,
after reperfusion. For comparison, three rats each
were killed after 1 hour and 2 hours, respectively, of
coronary occlusion not followed by reperfusion, and,
as sham operation, two rats were killed without occlu-
sion of the left anterior descending artery.

Histologic Study

The rat hearts were removed and divided into two
sections in a plane perpendicular to the left ventricular
long axis. The hearts were covered with OCT com-
pound, frozen with acetone and dry ice, and stored at
280° C. Slices of cardiac tissue (6 mm thick) were
made with cryostat for histopathological examination.

In Situ Hybridization

The cDNAs of rat MCAF/MCP-1 mRNA were ligated to
plasmid vectors (pCR-Script; Stratagene, La Jolla,
California), and the vectors were transformed and
subcloned to competent cells (JM109; Toyobo Engi-
neering, Osaka, Japan). Subcloned vectors were col-
lected with QIAGEN9s (Valencia, California) plasmid
midi protocol and linearized with restriction enzyme
(Hind III or Eco RI). The linearized plasmid vectors
containing cDNA of rat MCAF/MCP-1 were used as
templates of in vitro transcription with RNA polymer-
ase (T3 or T7) and digoxigenin (DIG)-labeled uridine-
triphosphate, and antisense or sense RNA probes
labeled with DIG were synthesized. A DIG RNA Label-
ing Kit (Boehringer, Mannheim, Germany) was primar-
ily used in this process.

Samples of cardiac tissue on slides were fixed in
4% paraformaldehyde and predigested with protein-

ase K at 37° C for 30 minutes. The samples were fixed
again in 4% paraformaldehyde and dehydrated with
ethanol. Next, they were incubated at 50° C for 16
hours with DIG-labeled RNA probes (antisense or
sense) for in situ hybridization with MCAF/MCP-1
messenger RNA (mRNA). After the remainder of the
probes were washed and removed in 23 sodium
chloride-sodium citrate (SSC) mixed with formamide,
the samples were incubated at 4° C for 12 hours with
the anti-DIG antibodies conjugate with alkaline phos-
phatase. After washing and removing the remainder of
the antibodies in 100 mM Tris-Hcl, pH 7.5, and 150 mM

NaCl, the samples were reacted for approximately 3
hours with nitroblue tetrazolium salt and 5-bromo-4-
chloro-3-indolyl phosphate (NBT-BCIP), as a sub-
strate of alkaline phosphatase, for color reaction and
detection. The samples were then enclosed with
water-soluble sealing compound for microscopic ex-
amination. A DIG Nucleic Acid Detection Kit (Boehr-
inger) was primarily used in this process.

Immunohistochemistry

Cardiac tissues were fixed in 4% paraformaldehyde,
blocked with normal serum of rabbit, and incubated at
room temperature for 30 minutes with Ki-M2R anti-
bodies (BMA, Augst, Switzerland) made of mouse IgG,
which are monoclonal and specific against rat-
activated macrophages and negative for monocytes
or dendritic cells (Wacker et al, 1985). After the re-
mainder of the antibodies were washed and removed
in PBS, the samples were incubated at 4° C for 12
hours with biotinylated antibodies specific against
mouse IgG from rabbit (DAKO, Glostrup, Denmark).
After having removed and washed the remainder of
the biotinylated antibodies in PBS, the samples were
incubated with avidin-biotin-horseradish peroxidase
complex (Vector Laboratories, Burlingame, California),
at room temperature for 30 minutes. After the remain-
der of the avidin-biotin-horseradish peroxidase com-
plex had been removed and washed in PBS, the
samples were reacted with 3,39-diaminobenzidine for
coloring reaction and detection. Next, the samples
were counter-stained with methylgreen, dehydrated
with ethanol, and penetrated with xylene. The samples
were then enclosed in an oil-soluble sealing com-
pound for microscopic examination.

Antirat granulocyte antibody MCA149A (Serotec,
Oxford, England), antirat T helper cell antibody
CL003A (Cedarlane, Ontario, Canada), and antirat T
cytotoxic/suppressor cell antibody CL004A (Cedar-
lane, Ontario, Canada) were used as above for immu-
nohistochemical study. Likewise, antimonocyte/den-
dritic cell/macrophage antibody ED1 (BMA, Augst,

Table 1. Subgrouping of Each 100 Phenotypes Selected at Random of MCP-1 mRNA Positive Cells

Subgroups among MCP-1 mRNA positive cells Heart 1 Heart 2 Heart 3 Percentage

Stained with Ki-M2R (activated macrophages) 74 cells 65 cells 67 cells 68.7%
Not stained with Ki-M2R 26 cells 35 cells 33 cells 31.3%

MCP-1, monocyte chemoattractant protein-1.
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Switzerland) was used in sham-operated rat hearts as
above for immunohistochemical study.

Double Staining

After staining the samples of cardiac tissue with in situ
hybridization as above, they were stained with Ki-M2R
anti-activated-macrophage antibody, used in immu-
nohistochemistry, in a similar fashion.

Statistical Analysis

Values are expressed as mean 6 SEM, and significance
was established by one-way analysis of variance
(ANOVA), with multiple comparisons by Fisher’s pro-
tected least significance difference. In all analyses,
statistical significance was declared at a 95% confi-
dence level.
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