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Role of Apoptosis in the Disappearance of Infiltrated and
Proliferated Interstitial Cells After Myocardial Infarction

Genzou Takemura, Michiya Ohno, Yukihiro Hayakawa, Jun Misao, Motoo Kanoh, Atsuko Ohno,
Yoshihiro Uno, Shinya Minatoguchi, Takako Fujiwara, Hisayoshi Fujiwara

Abstract—Mpyocardial infarction (MI) progresses from the acute death of myocytes and the infiltration of inflammatory
cells into granulation, followed by scars. During the healing process, the myocardial interstitial cell population in the
infarcted tissues increases markedly and then decreases. We postulated that apoptosis is responsible for this proces
Twenty-four male Japanese white rabbits underwent a 30-minute occlusion of the left coronary artery followed by
reperfusion for 2 days, 2 weeks, or 4 weeks &each). The histological features consisted of dead cardiomyocytes and
marked leukocyte infiltration at 2 days after Ml and granulation consisting of numersusooth muscle actin—positive
myofibroblasts, macrophage antigen—positive macrophages, and neovascularization at 2 weeks. At 4 weeks, the
cellularity decreased markedly, and scars were evident. Interstitial cells with positive nick end labeling were
significantly more frequent at the light microscopic level in the 2-day MI samples-&&% in the center and
6.9+3.3% in the periphery of the infarct region) than in the 2-week#%2.8%) and 4-week (0:50.5%) samples. DNA
electrophoresis showed a clear ladder in tissues from the ischemic areas at 2 days after Ml but not at 2 and 4 weeks aftel
MI. Ultrastructurally, typical apoptotic figures, including apoptotic bodies and condensed nuclei without ruptured
plasma membranes, were detected in leukocytes from all hearts with 2-day MI and in myofibroblasts, endothelial cells,
and macrophages from all hearts with 2-week MI. In the electron microscopic in situ nick end labeling, immunogold
particles intensely labeled the condensed chromatin of the typical apoptotic nuclei. These particles were also
accumulated on nuclei of the interstitial cells showing homogeneous density but not definite condensation as typical
apoptotic nuclei, suggesting an early stage of apoptosis. Thus, apoptosis plays an important role in the disappearance
of both the infiltrated leukocytes and the proliferated interstitial cells after MI. This finding may have therapeutic
implications for postinfarct ventricular remodeling through apoptosis handling during the healing stagé@ifé/Res.
1998;82:1130-1138.)
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ell death is classified into necrosis and apoptésiafter disappearance of the various types of proliferated interstitial

MI, the myocardial tissue responds with an acute inflam- cells after Ml is limited. We hypothesized that apoptosis is
matory reaction after the death of cardiomyocytes and repair, important in the disappearance of these cells. Recently, the
terminating with the establishment of a permanent scar. presence of apoptosis of the salvaged cardiomyocytes has
During the acute inflammatory phase, numerous acute in- been reported in doffsand rat$® with old MI. It had not been
flammatory cells invade the dead tissue. Next, the acutely determined at that time whether apoptosis of the salvaged
inflamed tissue is replaced by granulation tissue that is still myocytes is present in rabbits.
comparatively rich in cells, including granulation tissue Apoptosis has characteristic morphological and biochemi-
fibroblasts (myofibroblasts), macrophages, and small vesselcal features>****Morphological apoptosis defined by elec-
cells. This evolves into scar tissue with sparse cellular tron microscopy includes the condensation and fragmentation
components. During the transition from acute inflammation of the nucleus, the modification of cytoplasmic organelles
to granulation to scar tissue, the interstitial cellular population and apoptotic bodies, and the removal of apoptotic cells
decreases markedly. Many investigators have reported thatthrough phagocytosis, by macrophages or neighboring
apoptosis, as well as necrosis, is associated with cardiomyo-cells! The key biochemical feature of apoptosis is DNA
cyte death in acute MT*° Apoptosis-related factors such as fragmentation at nucleosomal units induced by an endoge-
Bcl-2 and Bax are expressed in the cardiomyocytes during nous endonucleasé®® This can be detected by DNA agarose
ischemia*2 However, the number of precise studies on the gel electrophoresis (DNA ladders) and TUNEL at the light
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Other main organs such as the lungs, liver, and kidneys were fixed
Selected Abbreviations and Acronyms with 10% buffered formalin for the histological examination.
HPF = high-power field
MI = myocardial infarction Histology and Immunohistochemistry
TdT = terminal deoxynucleotidyl transferase The ventricular slices fixed with 10% buffered formalin were
TUNEL = in situ nick end labeling embedded in paraffin. After deparaffinization and rehydration,
4-um-thick sections were stained with hematoxylin-eosin and Mas-

son’s trichrome. MI at each phase was histologically confirmed in
microscopic level. The precise relationship between the these sections. In the group with 2-day M, mﬁde MI size was
characteristic ultrastructural features (which are morpholog- quantified according to a method previously reportai. short, the

. . . . area at risk (area without blue dye) was identified and traced from an
ical markers of apoptosis) and DNA fragmentation (a bio- enlarged projection of the photographic slide of each ventricular

chemical marker of apoptosis) in apoptotic cells in hearts was sjice. Next, infarcts were traced on projections of the microscopic
yet to be determined. slide with Masson’s trichrome stain. Since the rabbits were allowed

Therefore, the present study had two purposes: (1) to testto live for 48 hours after the reperfusion, coagulation necrosis and
whether apoptosis is associated with the disappearance of thecontraction band necrosis of myocytes and leukocyte infiltration

infiltrated and liferated interstitial cell d whether it i were evident in the infarcted myocardium. This allowed the accurate
Infiltrated and proliterated intersutial cells and whether 1t 1S tracing of infarcted areas even under a relatively low magnification.

present in the salvaged myocytes after Ml in rabbits and (2) The area at risk and the infarcted area were quantified by retracing
to elucidate the relationship between the ultrastructure of these tracings on a digitizing tablet interfaced to a personal com-
apoptotic cells and DNA fragmentation using the electron puter. The calc'ulated percentages of the area at _risk and the infarcted
microscopic TUNEL method. area_of each sllc_e were myltlplled by the s_Ilce welght anql summed to
obtain the total tissue weight of area at risk and infarction.
. Immunohistochemical reactions were obtained according to an
Materials _and MethOdS ] indirect immunoperoxidase method on serial sections from the
In the present study, all rabbits received humane care in accordancemyocardial slices. After deparaffinization, intrinsic peroxidase activ-
with the Guide for the Care and Use of Laboratory Animals ity was inhibited by the addition of 0.3% hydrogen peroxide in
published by the US National Institutes of Health (NIH publication  methanol, and nonspecific binding was blocked with 5% normal goat

No. 8523, revised 1985). serum. The sections were then stained with mouse monoclonal
. . antibodies against rabhit-sarcomeric acting-Sr-1, DAKO Co) at
Materials and Experimental Procedures a dilution of 1:50,a-smooth muscle actin (1A4, DAKO) at 1:50,

A total of 24 male Japanese white rabbits weighing 1.7 to 2.3 kg rabbit macrophage (RAM11, DAKO) at 1:50, and human endothelial
underwent MI. The anterolateral branch of the coronary artery was cell (CD31, DAKO) at 1:100. The slides were incubated overnight at
occluded for 30 minutes and then reperfused for 2 days, 2 weeks, or4°C. For the retrieval of the endothelial cell antigen, treatment with
4 weeks (n=8 each). proteinase K (400ug/mL) for 10 minutes was performed after
Rabbits were anesthetized by an intravenous injection of pento- incubation with hydrogen peroxide. In the second step, the sections
barbital sodium (30 to 40 mg/kg), and additional doses were given were incubated with the peroxidase-conjugated H¢dtagment of
when required throughout the experiment. They were orally intu- the secondary antibody [goat anti-mouse Ig&(H, Jackson Immu-
bated and mechanically ventilated with room air supplemented with noresearch Laboratories] at a dilution of 1:500 for 30 minutes at
a low flow of oxygen (tidal volume, 25 to 35 mL; respiration rate, 20  rpom temperature. Inmunostains were visualized using diaminoben-
to 30 breaths/min). The respirator was adjusted on the basis of the zigine/hydrogen peroxide. Between all steps, the slides were washed

results of a serial arterial blood gas analysis to maintain arterial blood yith PBS. Irrelevant mouse 1gG was the primary antibody used for
gases within the physiological range. The standard limb leads of the the control experiments.

ECG were monitored. The surgery was conducted under sterile
conditions. A catheter was placed in the right carotid artery for blood . .
gas and blood pressure monitoring. The rabbits were then systemi-In Situ Dete_ctlon of Nuclear DNA
cally heparinized (500 U/kg). The chest was opened via a left Fragmentation (TUNEL)
thoracotomy, the pericardium was opened, and the heart was DNA fragments were determined in deparaffinizedudh-thick
exposed. A 4-0 silk suture on a small curved needle was passedsections from a transverse tissue block by using an ApopTag in situ
around the anterolateral branch of the coronary artery, and the endsapoptosis detection kit (Oncor). The DNA nick was labeled accord-
of the suture were passed through a small vinyl tube to make a snare.ing to the supplier’s instructions, which are based on the method
Myocardial ischemia was confirmed by ST-segment elevation on the described by Schmitz et &l After TUNEL, sections were counter-
ECG and regional cyanosis of the myocardial surface. Reperfusion stained by being immersed in hematoxylin. Prostate tissue from a
was confirmed by a myocardial blush over the risk area after rabbit castrated 2 days before study was the positive control for the
releasing the snare. The surgical wound was closed, and the rabbitSTUNEL reaction®®
were extubated. After 2 days, 2 weeks, or 4 weeks, the rabbits were
reanesthetizgd ano! intubated, and the incisions were opened. TheyDoubIe Immunohistochemistry for TUNEL and
were then killed with an overdose of pentobarbital sodium. Their o .
hearts were excised and mounted on Langendorff apparatus. TheCell-Specific Proteins
coronary branch was reoccluded, and Monastral Blue dye (4%, For double immunohistochemical analysis, sections were stained
Sigma Chemical Co) was injected from the aorta at 80 mm Hg to first with TUNEL as described above. After incubation with diami-
detect the ischemic risk area. nobenzidine substrate, they were washed with PBS. The Vectastain
The ventricular portion of the heart was transversely cut into five Elite ABC system (Vector Laboratories) was used for the second
slices, each of which was weighed and photographed. In one slice,immunohistochemical analysis. The sections were blocked with 5%
ischemic and nonischemic areas were isolated using dye perfusion ashorse serum and then incubated with the second primary antibodies
a guide, and then the slice was frozen in liquid nitrogen and stored (againsta-smooth muscle actin [1A4], macrophage [RAM11], or
at —70°C. The other slices were fixed with 10% buffered formalin endothelial cell [CD31]; DAKO) that were visualized with VIP
after an immediate sampling of small portions of the infarct tissue substrate (Vector). For the retrieval of the endothelial cell antigen,
from the area at risk and noninfarct tissue from the nonischemic area treatment with proteinase K (10@.g/mL) for 25 minutes was
for electron microscopy. performed before the incubation with the primary antibody.
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Morphometrical Analysis of Myocardial Results
Interstitial Cells

" . . . Histological and Immunohistochemical
Interstitial cells in the infarcted area were counted under a light ch N f the Cells A . .
microscope. In each specimen, the noncardiomyocytes with coun- aracterization of the Cells Appearing In

terstained nuclei were counted in 20 random HPR4QQ) in the Postinfarct Tissues
infarcted area. However, the histological appearance 2 days after Ml A number of acute inflammatory cells infiltrated the infarcted

vvfads qléite d:jfferent be“"’ee“éh‘; Ce”t‘?rr?f the M, _cqnsist:(n_ngainl)c/j tissue, and red blood cells were frequently seen, especially in
of dead cardiomyocytes, and the periphery, consisting of infiltrate :
inflammatory cells in the infarcted area. Therefore, the cells in each the peripheral zone at 2 days after MI. Inflammatory cells

area were counted separately in this group. The periphery and centedncluded both polymorphonuclear and mononuclear leuko-
of the infarct 2 days after Ml were defined as regions where dead cytes. Cells positive fos-smooth muscle—specific actin were
cardiomyocytes were absorbed or not, respectively. Simultaneously, restricted to the vasculature (Figure 1). Dead cardiomyocytes

interstitial cell types were identified and classified into leukocytes, were visible in the central zone of the infarcted area. All of
macrophages, endothelial cells, vascular smooth muscle cells, myo-

fibroblasts, fibroblasts, and others and/or unclassified cells. The the infarcted cardiomyocytes were severely degenerated and
classification was determined basically on the sections stained with had lost the antigenicity at-sarcomeric actin. The nuclei had

hematoxylin-eosin or Masson’s trichrome with reference to the already disappeared in most of the infarcted cardiomyocytes.
immunohistochemical preparations. The infarct size as a percentage of the area at risk was

Cells in which the nucleus was obviously labeled with diamino- . .
benzidine were defined as TUNEL-positive, and they were also 40-2%6.7%, and infarct size as a percentage of the left

counted. The percentage of the TUNEL-positive to the total cells was Ventricle was 9.5+4.5% (ranging from 4.6% to 17.4%) in the
then calculated. We then tried to determine the cell types among the rabbits at 2 days after MI. These values were in accordance
TUNEL-positive interstitial cells by the classification system men- ith the previous reporf.

tioned above. For this, TUNEL and double immunohistochemical :
preparations were used. The percentages of the interstitial cell types At 2 weeks after MI, the leukocytes and dead cardiomyo-

with positive TUNEL occupying the infarcted area were then CYtes had subsided, and the key histological features in the
calculated in each phase of MI. The salvaged myocytes showing a infarcted area were granulation consisting of fibroblasts,
positive TUNEL reaction were also quantified in every group. macrophages positive for RAM11, neovascularization posi-

. . tive for CD31, and collagen fibers surrounding the necrotic
DNA E)_(tractlon an_d Electrp pho_reS|s . . and partially calcified tissue. There were abundant myofibro-
Frozen tissue was minced while being thawed in lysis buffer

containing 10% SDS, 10 mmoliL Tris, and 1 mmol/L EDTA (pH blasts that were positive fat-smooth muscle—specific actin
7.8) and digested in lysis buffer with 0.2 mg/mL proteinase K for 17 (Figure 1). The area positive far-smooth muscle-specific
hours at 37°C. DNA was extracted with phenol/chloroform, apd)4 actin occupied 11.8% to 63.4% (mea8D, 40.6-16.3%) of

of the DNA was resolved by electrophoresis on a 2.0% agarose gel. the 2-week-old infarcted area, as measured by a digitizer
The DNA was then visualized with ethidium bromide. connected to a personal computer. Myofibroblasts were
Electron Microscopy oriented in parallel to the salvaged cardiomyocytes at the
Tissue samples taken from infarcted and noninfarcted areas were cuttdges of the infarct. Macrophages were distributed mainly on
into 1-mm cubes and fixed for 4 hours at 4°C in 2.5% glutaraldehyde the edges of necrotic tissue, and some of them formed
in 0.1 mol/L phosphate buffer. They were postfixed in 1% buffered multinucleate giant cells.

osmium tetroxide, dehydrated through graded ethanols, and embed- At 4 weeks after MI, the cellularity was markedly de-

ded in epoxy resin. Thin sections (80 nm) were cut with a diamond d in the inf d d f I inl
knife, collected on 300-mesh copper or nickel grids, and double- Cr€ased In the infarcted area, and a few cells, mainly
stained with uranyl acetate and lead citrate before examination using fibroblasts, were identified as the cellular elements around the

an electron microscope (H-700, Hitachi). center of the infarct, which was replaced by fat or collagen
(Figure 1).

No rabbit at any infarct age showed congestion of the
lungs, liver, or kidneys.

Electron Microscopic TUNEL

Electron microscopic TUNEL was performed in accordance with
essentially the same principles as reported by Migheli ®tialt with
substantial modifications as follows. The fragmented DNA in thin . . .
sections on bare 300-mesh nickel grids was labeled using compo- TUNEL at Light Microscopic Level and

nents of the ApopTag kit. After stopping the enzymatic reaction of Morphometrical Analysis

TIdT, Ithe ?gdz W?(;i i“‘jUbftledGWitBh aﬂ“_'digoxli/?e”";] ”_‘Ol)Jsfe mono- In the infarcted areas of all 8 of the rabbits at 2 days after M,
clonal antibody (0.4ug/mL IgG, Boehringer Mannheim) for - : : .
minutes at room temperature. Next, they were incubated with 15 nm a p05|t_|ve TUNEL reaction was const_antly apd easily not.ed in
gold—labeled goat anti-mouse IgG (Amersham) at a dilution of 1:50 acute inflammatory cells under the light microscope (Figure
in PBS for 1 hour at room temperature. The grids were then washed 2). Granulation tissue in the infarcted areas of all 8 of the
with PBS, rinsed in distilled water, conterstained with uranyl acetate rabbits at 2 weeks after Ml contained TUNEL-positive cells

and lead citrate, and examined using an electron microscope. The : ;
grids were washed with PBS between each step. The validity of this (Figure 2). In all 8 of the rabbits at 4 weeks after MI, when

method was checked by omitting TdT during the procedure as the (€ Key fea.twe .Of the_ .infarcted area was scar formation,
negative control and by using prostate tissue from a rabbit castrated TUNEL-positive interstitial cells were also observed, but to a

2 days before as the positive contdf. lesser extent than in the rabbits at 2 days and 2 weeks after M.
. . The total number of interstitial cells in the infarcted area of
Statistical Analysis the 2-day MI group was 13935 cells/HPF in the central

Data are shown as mean=SD. The significance of differences in the . . .
data was evaluated by one-way ANOVA followed by the Newman- portion of the MI and 58634 cells/HPF in the periphery. It

Keuls multiple comparison test. A difference #<0.05 was  Was 29269 cells/HPF in the 2-week MI group and 128
considered significant. cells/HPF in the 4-week MI group. Thus, the cell population
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Figure 1. Photomicrographs showing the time
course of rabbit Ml revealed by Masson’s
trichrome stain (left panels) and immunohisto-
chemical reactions against a-smooth muscle-spe-
cific actin on the serial sections (right panels). A
and A’, 2-day MI. B and B’, 2-week MI. C and C’,
4-week MI. Panel A shows histological findings of
acute 2-day MI. The upper half shows salvaged
tissues, and the lower half shows infarcted tissues.
The arrowheads mark the border of MI. Panels B
and C represent the granulation tissue of 2-week
MI and scar tissue of 4-week MI, respectively,
stained blue. In panel A’, brown a-smooth muscle
actin was restricted to the vasculature (arrows) in
2-day MI. However, there were abundant myofi-
broblasts that were positive for a-smooth muscle-
specific actin in granulation tissue (panel B'). Myo-
fibroblasts in panel (B’) are oriented in parallel to
the salvaged cardiomyocytes indicated by aster-
isks in panel B. The myofibroblasts had become
rare but were still noted in scar tissue (panel C’).
Original magnifications, X100 (panels A and A’)
and x40 (panels B, B’, C, and C’).

significantly decreased as the healing of the MI progressed The mean incidence of TUNEL-positive interstitial cells

(Figure 3A, upper panel). The main constituents of the
interstitial cells were leukocytes (61.3+12.5% [85.1+17.4
cells/HPF] in the center and 75-@.6% [439.4+26.9 cells/

HPF] in the periphery of the infarcted area) at 2 days after M,
myofibroblasts (32.5+13.4% [94.9+39.1 cells/HPF]), mac-

rophages (29.4+11.8% [85.8+=34.5 cells/HPF]), and endo-

thelial cells (17.5+4.6% [51.1+13.4 cells/HPF]) at 2 weeks
after MI, and fibroblasts (49415.9% [74.5-24.1 cells/
HPF]) at 4 weeks after Ml (Figure 3A, lower panel).

was significantly higher in the center (5:3.6%) and the
periphery (6.9%3.3%) of the 2-day MI group compared with
the 2-week (2.5=1.0%) and 4-week (0.5+0.5%) MI groups
(Figure 3B, upper panel). The proportion of each cell type
with positive TUNEL was in accordance with that of the
whole count of each cell type (Figure 3B, lower panel): the
main constituents of the TUNEL-positive interstitial cells
were leukocytes (61.3+12.5% [2.8+0.7 cells/HPF] in the
center and 75:04.6% [21.8+3.6 cells/HPF] in the periphery

Figure 2. Positive TUNEL reactions observed in
various types of cells after MI. A, A polymorphonu-
clear leukocyte with positive TUNEL reaction (indi-
cated by an arrow; ie, stained brown) in infarcted
area 2 days after MI. B, Double immunohisto-
chemical preparation (a-smooth muscle-specific
actin and TUNEL) of the infarct tissue 2 weeks
after MI. The myofibroblasts were positive for
a-smooth muscle-specific actin (purple cyto-
plasm). A myofibroblast double-positive for TUNEL
(brown nucleus indicated by an arrow) and
a-smooth muscle-specific actin is seen. A myofi-
broblast negative for TUNEL is indicated by an
arrowhead. C, Macrophages double-positive for
TUNEL (brown nucleus) and RAM11 (purple cyto-
plasm) 2 weeks after Ml (indicated by arrows).
Macrophages (arrowheads, positive for RAM11)
are negative for TUNEL. D, A capillary endothelial
cell double-positive for TUNEL and CD31 2 weeks
after Ml (arrow). Endothelial cells (arrowhead) are
negative for TUNEL. V indicates vessel lumen.
Original magnifications, X750 (A) and X400 (B
through D).
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Figure 3. A, Total number of interstitial cells (noncardiomyocytes) per HPF (X400) in the infarcted area 2 days, 2 weeks, and 4 weeks
after Ml (top) and proportion of interstitial cell types occupying the infarcted area expressed as a percentage (bottom). B, Mean inci-
dence of TUNEL-positive interstitial cells in the infarcted area 2 days, 2 weeks, and 4 weeks after Ml (top) and proportion of TUNEL-
positive interstitial cell types in the infarcted area expressed as a percentage (bottom). VSMC indicates vascular smooth muscle cells.

of the infarcted area) at 2 days after MI, myofibroblasts eccentric margination of nuclear chromatin, the extreme
(32.5+13.4% [2.3:0.2 cells/HPF]) and macrophages condensation of chromatin, and densely compacted cyto-
(29.4+11.8% [2.%0.8 cells/HPF]) at 2 weeks after Ml, and plasm. Their plasma membranes were not disrupted. How-
fibroblasts (49.1+15.9% [0.4+0.1 cells/HPF]) at 4 weeks ever, leukocytes with necrotic findings such as cytoplasmic
after MI. However, for many of the cells with positive swelling and a disrupted plasma membrane were rare. At the
TUNEL, it was difficult to identify their cell types because of
the shriveled cytoplasm or cellular fragmentation. Thus, the
proportion of others/unclassified cells was substantial in all
groups.

The salvaged cardiomyocytes with a positive TUNEL
reaction were extremely rare (<0.01%) at each stage after
MI, and their incidence in the infarct border was similar to
that seen in the nonischemic areas.

DNA Agarose Gel Electrophoresis

Tissues of infarcted areas obtained from all 8 of the rabbits at
2 days after MI contained fragmented DNA that produced a
ladder of DNA bands representing integer multiples of
internucleosomal DNA length~{180 bp) (Figure 4). The
ladder was never seen in tissues from the nonischemic areas
of any of the rabbits or in tissues of the infarcted areas from

Figure 4. Agarose gel electrophoresis of DNA. Lane 1 is a

any of the rabbits at 2 and 4 weeks after MI (Figure 4). 100-bp ladder marker. Lane 2 is from the prostate of a rabbit
castrated 2 days before study and used as a positive control.
Electron Microscopy Lanes 3 and 4 are from a rabbit heart 2 days after Ml (lane 3,

nonischemic area; lane 4, ischemic area). Lane 5 is from the
At 2 days after MI, many apoptotic leukocytes were scattered ischemic area of a heart 2 weeks after MI. Lane 6 is from the

among the nonapoptotic leukocytes (Figure 5). They showed ischemic area of a heart 4 weeks after M. Note that the ische-
distinct morphological features of apoptosis, such as the mic area of the 2-day Ml (lane 4) shows a clear ladder.
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Figure 5. Electron micrographs showing myocar-
dial interstitial cell apoptosis in infarcted areas:
inflammatory cells in 2-day Ml (A and B) and gran-
ulation tissue in 2-week MI (C through F). A and B,
Nuclear chromatin is eccentric in the leukocyte
shown in panel A and markedly condensed in
panel B. An apoptotic leukocyte is indicated by
the arrow in panel B, in which not only nuclei but
also the cytoplasm are markedly shriveled. The
plasma membrane in each apoptotic cell is not
ruptured. C, A typically apoptotic myofibroblast.
The homogeneously condensed nucleus with a
glossy appearance is indicated by an arrow, and
the intracytoplasmic microfilaments are indicated
by arrowheads. D, An apoptotic macrophage. The
nucleus with peripherally condensed chromatin is
seen in the center (N), and many phagolysosomes
are noted in the cytoplasm. E, An apoptotic cell
(surrounded by arrows) engulfed by a macro-
phage, in which severely shrunken cytoplasm sur-
rounds the nucleus with marginally condensed
chromatin. AN indicates nucleus of apoptotic cell;
MN, nucleus of the macrophage; and L, lipid drop-
let in the macrophage. F, An apoptotic cell of
unknown origin with figures of apoptotic bodies
surrounded by endothelial cells. Small arrows indi-
cate cellular junctions of the endothelial cells. The
remains of the nucleolus (larger arrow) are evident
in one of the apoptotic bodies. Bars=1 um.

same time, all of the dead cardiomyocytes (detached from thefigures in myofibroblasts and macrophages were similar, but

basal lamina) in the infarcted areas had ragged myofibrils, the incidence was extremely rare. There was no evidence of

swollen mitochondria with amorphous dense bodies, and a an apoptotic ultrastructure in the salvaged cardiomyocytes at

definitely ruptured plasma membrane. Most of the nuclei each stage after MI.

were cleared in the center, in which clumped chromatin with i i

various sizes was marginated and scattered. These were=lectron Microscopic TUNEL o

electron microscopic findings of the necrotic death of The methodological validity of the TUNEL staining at the

cardiomyocytes. electron microscopic level was first evaluated on the secthns
In granulation tissue at 2 weeks after M, typical apoptosis of castrated rabbit prostate. Fragmented DNA Iabelgd with

was evident in many myofibroblasts containing microfila- gold tended to accumulate slightly on nuclear chromatin even

ment bundles with dense bodies. The margination of chroma- in the apparently normal cells, but the accumulathn was so
. . . . i - marked on the marginated or condensed chromatin of apo-
tin and the dilatation of endoplasmic reticulum, sometimes

. . . ptotic cells that we easily identified the nuclei of apoptotic
accompanied by a marked condensation of chromatin and the . . .
formation of nuclear fraaments surrounded or not by a cells (Figure 6A and 6B). When TdT was omitted during the

9 ; . Y staining procedure, gold particles did not accumulate in any
membrane, were observed; no disruption of plasma mem-

- : ells.
branes was seen. In addition, many macrophages contalne(f Immunogold particles labeled the nuclei of typically apo-

phagolysosomes. The contents of the phagolysosomes wergyic jeykocytes, myofibroblasts, endothelial cells, and apo-
apparently apopFotlc bodles. in some macrophages. Macro_‘ptotic bodies engulfed by macrophages. They were also
phages undergoing apoptosis were also observed. ApOptosis,ccymulated on other interstitial cells with the nuclei showing
was seen in capillary endothelial cells. In addition to the cells homogeneous density but not such severe condensation as
with typical apoptotic figures, we identified other myofibro-  that of typical apoptotic nuclei. The nuclei of apparently
blasts, macrophages, and capillary endothelial cells that normal cells were only slightly accumulated by gold particles,

contained nuclei with homogeneous density but without and other subcellular organelles of both apoptotic and non-
marked condensation. These cells had a slightly enlargedapoptotic cells were never labeled.

endoplasmic reticulum and intact plasma membranes, appear-

ing neither normal nor necrotic. On the other hand, myofi- Discussion

broblasts and macrophages with typical necrotic findings The present study revealed the apoptosis of many interstitial
were rare. In scar tissue at 4 weeks after Ml, the apoptotic cells during the healing process of Ml in rabbits.
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Figure 6. Electron micrographs of preparations
labeled with immunogold for electron microscopic
TUNEL. A and B, Normal (panel A) and apoptotic
(panel B) cells of the prostate are shown from a
rabbit castrated 2 days before study. Gold parti-
cles are accumulated slightly on the nucleus (N,
panel A) of a normal cell but much more on the
condensed chromatin (CC) of the nucleus (N,
panel B) of an apoptotic cell. Gold particles are
rare on other subcellular structures. C, An apo-
ptotic leukocyte. Numerous gold particles label the
condensed nucleus (N). MF indicates myofibrils of
the infarcted cardiomyocyte. D, Condensed
nucleus (N) of a capillary endothelial cell is defi-
nitely labeled by gold particles. RBC indicates red
blood cell in the capillary lumen. E, Engulfed elec-
tron-dense materials (indicated by arrows) are
labeled by gold particles and are therefore TUNEL-
positive. They are thus thought to be apoptotic
bodies. F, The nucleus (N) of a myofibroblast is
markedly labeled by gold particles. This cell is not
typical of an apoptotic cell, but its nucleus shows
homogeneous density. Arrows indicate microfila-
ments in the myofibroblast. Bars=1 um.

Apoptosis in Interstitial Cells After Ml phages at the granulation tissue phase. It has been reported
In the present study, DNA ladders were detected in 2-day Ml that leukocytes undergo apoptosis in culture and in organs
but not in 2- and 4-week MI. TUNEL-positive interstitial  such as the lung$:*Cheng et af reported TUNEL-positive
cells at the light microscopic level were lesser in number in interstitial cells and capillary endothelial cells in infarcted
the 2-week and 4-week Ml than in the 2-day MI. The electron myocardium in rats. Desmoutie et at* found evidence of
microscopic analysis confirmed this finding. DNA ladders are apoptosis in granulation tissue in an experimental traumatic
generally reliable as a marker of apoptdsis however, this injury of rat skin. We recently reported that Bcl-2 and Bax,
method has the disadvantage of low sensitivity. DNA degra- apoptosis-related factors, are expressed in the inflammatory
dation is detectable by this method only when a high cells after Ml in human$: These findings suggest that
proportion of apoptotic cells is presefit! The lack of DNA apoptosis is a general removal mechanism of acute and
ladders in the present 2- and 4-week MI could be explained chronic inflammatory cells.
by the low sensitivity of the method.

In the present study, the percentage of TUNEL-positive Pathophysiological Role of Apoptosis in Infiltrated
cells at the light microscopic level was 5% to 7% during the Leukocytes and Proliferated Interstitial Cells
acute stage and 2.5% at the granulation stage, which appeared\fter Ml
relatively low. However, the morphological changes of apo- Generally, the accumulation of leukocytes and the subsequent
ptosis occur within minutes, as shown by videomicrosc8py. proliferation of granulation tissue cells are inflammatory
Therefore, the incidence of TUNEL-positive cells in the responses against the necrosis of cardiomyocytes. The fate of
present study might be sufficient for a decrease in cellularity. leukocytes infiltrated into the infarcted myocardial tissue is
Interstitial cells showing the ultrastructure of necrosis were not yet known. The results of the present study showed their
few in the present study. Thus, apoptosis appears to haveelimination via apoptosis. This observation seems to reflect
mediated the decrease in cellularity during the transition both well one of the representative roles of apoptosis: purposeful
between acute inflammatory cell infiltration and granulation suicide by cells. Leukocytes and macrophages have various
tissue and between granulation tissue and scar depositioncytokines, proteases, and other factors that are cytotoxic;
after Ml. thus, when these cells die in situ, they should be expected to

Apoptotic cell death could be classified into two phases in be removed by apoptosis, not by necrosis (during which the
the present study: (1) leukocytes at the acute inflammatory cellular contents are released and may induce excessive or
phase and (2) myofibroblasts, endothelial cells, and macro- prolonged inflammation).
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Myofibroblasts are characteristic interstitial spindle-shaped cleaved DNA even in the apparently normal cells or little
cells appearing in granulation tissue; they share characteris-cleavage of DNA as an artificial product during tissue
tics of both fibroblasts and smooth muscle céli€haracter- processing.
istic ultrastructural features of myofibroblasts are the pres-
ence of stress fibers with subplasmalemmal attachment Apoptosis in Infarcted and
plaques and abundant rough endoplasmic reticulum with an Salvaged Cardiomyocytes
adjacent discontinuous deposition of basal lamina-like mate- Apoptosis has been reported in the infarcted myocytes after
rial and intracytoplasmic filament&? Myofibroblasts show  acute MI?™° Especially, TUNEL-positive myocytes were
an immunohistochemical expression efsmooth muscle—  frequently seen in rabbit hearts that underwent a 30-minute
specific actir”® Myofibroblasts have been identified in #¥at  occlusion of the coronary artery and then a 4-hour reperfu-
and humaft ML. In the present study, we found numerous sion! In the present study, in hearts of rabbits subjected to the
myofibroblasts in granulation tissue after Ml in rabbits. The 2-day reperfusion after 30 minutes of occlusion (the earliest
pathophysiological significance of such a massive appearancetime point examined), the infarcted myocytes showed severe
(up to 40% of the infarcted area) and a subsequent decreasglegeneration, and the nuclei had already disappeared in most
of myofibroblasts during the healing of Ml remains unknown. of the infarcted myocytes at the light and electron micro-
Collagen synthesis may be one of the important roles of scopic levels. This indicates that 2-day reperfusion after
myofibroblasts, supplementing the damaged area where pa-30-minute occlusion is too late to define the relation between
renchymal tissue is defective (scar formatiéiif.Moreover, infarcted myocytes and apoptosis. Therefore, we did not
since cardiac ventricles are exposed to hemodynamic stressgvaluate apoptosis in the infarcted myocytes in the present
high numbers of myofibroblasts may be needed as transientstudy.
tissue reinforcement until a hard scar is established. Thus, the In the salvaged myocytes surrounding the old MI, TUNEL-
appearance of so many myofibroblasts seems to be anpositive myocytes were light- and electron-microscopically
adaptive response specific to myocardial tissue. rare in the rabbit hearts with 2-week and 4-week reperfusion

The massive proliferation of myofibroblasts and their after 30-minute occlusion in the present study. These data
disappearance via apoptosis imply the significant participa- differed from those of previous studies indicating the pres-
tion of myofibroblasts in ventricular remodeling after MI. In  ence of apoptotic myocytés'*The animal species were dogs
this regard, modulation of the myofibroblast population in the study by Sharov et’dland rats in the study by Cheng
would make room for therapeutic interventions during the et al™ Sharov et al studied multiple infarctions due to
healing stages of Ml, since abnormal remodeling is one of the embolism of small coronary arteries induced by the injection
important problems for the postinfarct heart, perhaps causing of numerous microspheres; Cheng et al studied very large
heart failure. However, we do not yet know whether the infarctions due to a permanent coronary arterial occlusion
blockade or acceleration of myofibroblast apoptosis would be (the infarct size of which was reported to $%3% of the left
beneficial or harmful. That is, making scar tissues collagen- ventricular free wall in an earlier study using the same
rich and thus stronger by blocking apoptosis in myofibro- experimental rat mod#). Both studies showed definite
blasts, which synthesize collag&i? may prevent excessive congestive heart failure. Recently, the presence of apoptotic
ventricular dilatation or may cause prolongation of fragile myocytes was reported in congestive heart failure with
granulation tissues. Conversely, decreasing myocardial fibro- dilated cardiomyopath3:* In the present study using rabbits
sis by accelerating apoptosis may prevent abnormal remod-reperfused after 30 minutes of coronary occlusion, the infarct
eling by suppressing excessive fibrosis or may cause aneu-size was not extensive (23.5%, ranging from 4.6% to
rysmal expansion due to a lack of sturdy connective tissues.17.4% of the left ventricle). It is well known that chronic

Further investigations are warranted. congestive heart failure is generally seen in large myocardial
infarctions (measuring>20% to 25% of the left ventricl€?.
Simultaneous Observation of Ultrastructure of In addition, there was no pathological evidence in the present
Apoptotic Cells and DNA Fragmentation by model of congestion in the lungs or liver, indicating the
Electron Microscopic TUNEL Method absence of congestive heart failure. Therefore, the discrep-

Migheli et al® recently applied the TUNEL method at the ancy between the previous and present studies regarding
electron microscopic level in neural cells and reported that apoptotic myocytes in hearts with an old MI would be
the characteristic ultrastructural features of apoptosis were explained by the differences in models with and without
directly associated with DNA fragmentation. In our present congestive heart failure.

study, each nucleus of the myocardial interstitial cells with

typical apoptotic ultrastructures had a marked accumulation Conclusions

of immunogold particles, indicating DNA fragmentation. Many apoptotic cells were found in acute inflammatory and
Conversely, immunogold particles were markedly accumu- granulation tissues after Ml in rabbits. Thus, apoptosis played
lated even in the nuclei of cells that showed neither typically an important role in the disappearance of the infiltrated and
apoptotic nor normal ultrastructures. The atypical ultrastruc- proliferated myocardial interstitial cells after MIl. Because
tures with DNA fragmentation may indicate an early stage of apoptosis represents a potentially inducible or preventable
apoptosis. In addition, the nuclear chromatin of the cells with form of cell death, this finding may imply therapeutic
a normal ultrastructure was slightly labeled with immuno- applications of apoptosis management (its acceleration or
gold. Possible explanations for this are a small amount of blockade) to postinfarct ventricular remodeling. Electron
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microscopy combined with TUNEL showed that the charac- 15
teristic ultrastructure of apoptotic nuclei reflects DNA frag-
mentation but that not all of the cells with DNA fragmenta-
tion are typically apoptotic in ultrastructure.

16
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