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Phosphoinositide turnover mediates the signaling of angiotensin
II, which plays a pivotal role in ventricular remodeling after
myocardial infarction (MI). We tested the hypothesis that phospho-
inositide turnover can be visualized by 1-[1-11C]butyryl-2-palmitoyl-
rac-glycerol (11C-DAG) in both infarcted and noninfarcted myocar-
dium after MI in rats. Methods: Rats received an injection of
11C-DAG 7 d after left coronary artery ligation, and myocardial
lipids were extracted from both infarcted and noninfarcted areas
of myocardium (n 5 3). Metabolites of 11C-DAG were determined
by thin-layer chromatography. Quantitative autoradiography of
hearts was performed to visualize myocardial phosphoinositide
turnover in rats that received an injection of 11C-DAG 1 d (n 5 3)
and 7 d (n 5 5) after MI and 7 d after a sham operation (n 5 3).
Quantitative autoradiography with 201TlCl was also performed to
evaluate myocardial blood flow in rats 7 d after MI (n 5 3). Cells
occupying the infarcted myocardium were identified by immuno-
histochemistry. Results: The radioactivity incorporated into the
intermediates of phosphoinositide turnover was predominant in
both the infarcted (67.1% 6 5.2% of the total activity) and the
noninfarcted (57.4% 6 3.2%) myocardium. 11C-DAG radioactivity
in the infarcted region normalized to that in the noninfarcted
region was 1.09 6 0.04 in rats 7 d after MI, which was
significantly higher than that in rats 1 d after MI (0.38 6 0.03, P ,

0.001). 201Tl radioactivity in the infarcted region normalized to
that in the noninfarcted region was only 0.19 6 0.01 7 d after MI.
11C-DAG radioactivity in the noninfarcted region normalized to
that in the right ventricular free wall tended to be increased in rats
1 and 7 d after MI compared with the sham-operated rats; the
differences, however, were not statistically significant (1.30 6

0.15, 1.20 6 0.07, and 1.13 6 0.02, respectively). Immunohisto-
chemistry revealed that abundant fibroblasts, myofibroblasts,
and macrophages occupied the infarcted myocardium 7 d after
MI, but the cellularity was low during the first day after MI.
Conclusion: These data suggest that 11C-DAG may be useful for
visualizing regions with activated phosphoinositide turnover after
MI. Because wound healing and fibrogenic processes are impor-
tant factors of ventricular remodeling, 11C-DAG and PET may
offer new information benefiting patient management after MI.
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L eft ventricular remodeling, expansion of the infarct
zone, and changes in the noninfarcted myocardium greatly
affect ventricular function and prognosis in patients who
survive after myocardial infarction (MI) (1). Angiotensin-
converting enzyme inhibitors have been shown to improve
the depressed left ventricular function or prognosis after MI
(2–4). These findings suggest that angiotensin II, the recep-
tors for which are expressed predominantly in the infarcted
area with active fibrogenesis rather than in the noninfarcted
area (5–7), plays a pivotal role in the process of left
ventricular remodeling after MI.

Phosphoinositide turnover and its two second messengers,
inositol 1,4,5-trisphosphate and 1,2-diacylglycerol (8), have
been shown to mediate angiotensin II signaling in many
kinds of cells, including both cardiac myocytes and fibro-
blasts (9,10). An estimation of the myocardial phosphoinosi-
tide turnover activity, which may be closely linked to the
process of ventricular remodeling after MI, should therefore
be helpful. In previous studies (11–14), we showed regional
alterations of phosphoinositide turnover in the neurotransmis-
sion process using PET and 1-[1-11C]butyryl-2-palmitoyl-rac-
glycerol (11C-DAG), a 11C-labeled diacylglycerol. In this
study, we investigated whether the phosphoinositide turn-
over activity in both infarcted and noninfarcted regions can
be visualized with11C-DAG in rats after MI.

MATERIALS AND METHODS

Animals and Radiopharmaceutical
The experiments were performed according to the guidelines for

the care and use of laboratory animals of our institutions. The left
coronary artery of 8-wk-old male Wistar rats (Funabashi Farms,
Shizuoka, Japan) was ligated. The rats were anesthetized with
sodium pentobarbital (50 mg/kg intraperitoneally), intubated, and
ventilated through an endotracheal tube attached to a respirator.
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Through a left-sided thoracotomy, the left coronary artery was
ligated with a 6-0 silk suture. In sham-operated rats, the chest and
the pericardium were opened, but the coronary artery was not
ligated. 11C-DAG (specific activity, 186 GBq/µmol) was synthe-
sized by the ketene method as previously reported (11) and was
dissolved in saline with 25% human serum albumin for intravenous
injection. 201TlCl for autoradiography was purchased from Nihon
Mediphysics (Osaka, Japan).

11C-DAG Metabolites
To confirm the validity of 11C-DAG as a probe specific to

myocardial phosphoinositide turnover, we injected 0.74–2.22 GBq
11C-DAG into the rats through the tail vein 7 d after MI (n5 3).
Thirty minutes after the injection, the rats were killed by ether
inhalation and the hearts were removed. Both infarcted and
noninfarcted myocardium was dissected from visually identified
scar tissue and nonscar tissue, respectively. Myocardial lipids were
extracted by a previously reported (13) modification of Folch’s
method. Briefly, samples of the infarcted and noninfarcted myocar-
dium were homogenized separately by grinding with 0.5 mL
solvent (chloroform:methanol, 3:2, volume in volume) and centri-
fuged at 3000 rpm at 10°C for 3 min. The supernatant containing
lipids was spotted on thin-layer chromatography plates (Silica Gel
60; Whatman International, Maidstone, UK) that had been acti-
vated for 1 h at 100°C before use. The solvent system was
chloroform:methanol:ammonium hydroxide:water, 20:15:3:2, vol-
ume in volume.

The developed thin-layer chromatography plates were put into
contact with general-use imaging plates (Fuji Photo Film, Tokyo,
Japan) and exposed for 1 h (15). The positions of the various
phospholipid radioactivities were visualized and quantified using
an image-processing system (BAS2000; Fuji Photo Film). The
thin-layer chromatography plates were also exposed to iodine
vapors to reveal the authentic compounds, which consisted of
1,2-diacylglycerol, phosphatidylcholine, phosphatidylethanol-
amine, phosphatidic acid, phosphatidylinositol, phosphatidylinosi-
tol-4-monophosphate, phosphatidylinositol-4,5-bisphosphate, and
butyryl coenzyme A (CoA). We calculated the percentage of the
fraction of each11C-labeled metabolite as follows: autoradio-
graphic intensity of each fraction/sum of intensities of all fractions3
100 (%).

Quantitative Autoradiography
In vivo quantitative autoradiography was performed as de-

scribed previously (15,16). We injected 185 MBq11C-DAG into the
rats through the tail vein 1 (n5 3) and 7 (n5 5) d after MI and 7 d
after the sham operation (n5 3). Thirty minutes after the injection,
the rats were killed by ether inhalation. The hearts were then
removed and frozen with powdered dry ice. Forty-micrometer
sections taken perpendicular to the long axis of the left ventricle at
the midventricular level were prepared using a cryomicrotome at
220°C. The sections were mounted on cover slides, dried on a hot
plate, and exposed to imaging plates for 1 h. These sections were
also stained with hematoxylin–eosin after the exposure to identify
both infarcted and noninfarcted regions of myocardium. A section
containing the largest infarcted region was selected from each
heart, and the autoradiographic intensity was measured by the
BAS2000 system. Consecutive circular regions of interest were
placed circumferentially on both infarcted (0.2 mm2 in area) and
noninfarcted (1.0 mm2 in area) regions as well as on the right
ventricular free wall (0.2 mm2 in area). For the sham-operated rats,
circular regions of interest were placed on the interventricular

septum (1.0 mm2 in area) and the right ventricular free wall (0.2
mm2 in area). To estimate the myocardial blood flow distribution in
rats 7 d after MI, we performed quantitative autoradiography with
201TlCl. Ten minutes after the injection of 17.5 MBq201TlCl (n 5
3), the hearts were removed and processed as described in the
previous section. The sections (20 µm) were exposed to imaging
plates for 1.5 h. The autoradiographic intensity was measured by
the BAS3000 system.

Immunohistochemistry
Immunohistochemical analysis was performed on 4 hearts 7 d

after MI. For the staining of vimentin anda-smooth muscle actin,
the hearts were fixed with neutral buffered 10% formalin after
isolation and embedded in paraffin. Sections (2.5 µm) were
incubated overnight with murine monoclonal antivimentin or
anti–a-smooth muscle actin antibodies (DAKO, Golstrup, Den-
mark) at a dilution of 1:100 in phosphate-buffered saline solution
containing 1% bovine serum albumin. After being washed in
phosphate-buffered saline solution for 15 min, the sections were
incubated with biotinylated horse antimouse IgG (Vector Laborato-
ries Inc., Burlingame, CA) for 30 min and finally with streptavidin–
peroxidase complex (DAKO) for 30 min. The color was developed
with diaminobenzidine.

For the staining of ED-1, smooth muscle myosin heavy chain,
and von Willebrand factor, the hearts were frozen with liquid
nitrogen after isolation. Cryostat sections (4 µm) were fixed with
periodate–lysine–paraformaldehyde for 30 min. They were then
incubated with murine monoclonal antirat mononuclear phagocyte
(anti–ED-1) antibody (Pharmigen, San Diego, CA) at a dilution of
1:800, murine monoclonal antirat smooth muscle myosin heavy
chain (Santa Cruz Biotechnology, Santa Cruz, CA) at a dilution of
1:200, or rabbit antihuman von Willebrand factor (DAKO) at a
dilution of 1:1500. The sections were processed further for
immunostaining as described previously (17).

Statistical Analysis
Statistical analysis was performed using ANOVA for compari-

son among 3 groups or an unpaired Studentt test for comparison
between 2 groups. Values are presented as mean6 SEM.P , 0.05
was considered significant.

RESULTS
11C-DAG Metabolites

Figure 1 shows a representative thin-layer chromatogra-
phy profile of 11C-DAG metabolites obtained from the
infarcted and noninfarcted myocardium in a rat 7 days after
MI. Figure 2 summarizes the incorporation of11C radioactiv-
ity into various metabolites of11C-DAG. Phosphatidic acid,
phosphatidylinositol, phosphatidylinositol-4-monophos-
phate, and phosphatidylinositol-4,5-bisphosphate, which are
the intermediates of phosphoinositide turnover, were the
predominant metabolites. The percentage of the sum of the
intermediates of phosphoinositide turnover was 67.1%6
5.2% in the infarcted myocardium and 57.4%6 3.2% in the
noninfarcted myocardium. In both the infarcted and nonin-
farcted myocardium, phosphatidylcholine and phosphati-
dylethanolamine appeared as less than 5% of the total
radioactivity. The percentage of the butyryl CoA fraction,
which is a product of the degradation of11C-DAG by lipase,
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was 22.9%6 1.2% in the infarcted myocardium, and
34.9%6 8.1% in the noninfarcted myocardium.

Quantitative Autoradiography
Figure 3A shows a representative autoradiograph of a

heart obtained from a rat in which11C-DAG was injected 7 d
after the sham operation. The11C-DAG distribution in the
left ventricle was homogeneous. Figure 3B shows a represen-
tative autoradiograph obtained from a rat in which11C-DAG
was injected 1 d after MI. The autoradiographic intensity
was low in the infarcted region. As shown in Figure 3C, the
autoradiographic intensity was extremely low in the in-
farcted region in rats that received a201TlCl injection 7 d
after MI. In contrast, as shown in Figure 3D, the autoradio-
graphic intensity of11C-DAG in the infarcted region was
comparable with or even slightly higher than that in the
noninfarcted region in rats 7 d after MI.11C-DAG radioactiv-
ity in the infarcted region normalized to that in the nonin-
farcted region was 1.096 0.04 in rats 7 d after MI. This
value was significantly higher than that in rats 1 d after MI

(0.386 0.03,P , 0.001) (Fig. 4). The result was the same
when we normalized the radioactivity in the infarcted region
to that in the right ventricular free wall (1.316 0.09 versus
0.496 0.03,P , 0.001). The radioactivity in the infarcted
region normalized to that in the noninfarcted myocardium
was also higher for11C-DAG than for201Tl in rats 7 days
after MI (1.096 0.04 versus 0.196 0.01,P , 0.001; Fig.
4). 11C-DAG radioactivity in the noninfarcted myocardium
normalized to that in the right ventricular free wall tended to
be increased in rats 1 and 7 d after MI compared with
sham-operated rats; the differences, however, were not
statistically significant (1.306 0.15, 1.206 0.07, and
1.136 0.02, respectively; Fig. 5).

Immunohistochemistry 7 Days After MI
Histologic examination using sections stained with hema-

toxylin–eosin revealed abundant cells similar to fibroblasts
and macrophages surrounding the necrotic myocytes in the
infarcted region 7 d after MI (Fig. 6A). Immunohistochemi-
cal analysis showed that almost all cells surrounding the
necrotic myocytes were positively stained for vimentin and
that some of these cells were also labeled fora-smooth
muscle actin or for ED-1 but not for smooth muscle myosin
heavy chain or von Willebrand factor (Fig. 6). The relatively
high background level in the staining for smooth muscle
myosin heavy chain was the same as for the negative control
(data not shown). These data suggest that the predominant
cells in the infarcted region 7 d after MI were myofibroblasts
(a-smooth muscle actin–positive), macrophages (ED-1–
positive), and fibroblasts (vimentin-positive and both
a-smooth muscle actin–negative and ED-1–negative).

FIGURE 2. Incorporation of 11C radioactivity into various me-
tabolites of 11C-DAG in infarcted and noninfarcted myocardium 7
d after coronary ligation. PC 5 phosphatidylcholine; PE 5
phosphatidylethanolamine; PI 5 phosphatidylinositol. Bars repre-
sent mean 6 SEM.

FIGURE 1. Thin-layer chromatography profiles of 11C-DAG
metabolites obtained from infarcted and noninfarcted myocar-
dium 7 d after MI. PC 5 phosphatidylcholine; PE 5 phosphati-
dylethanolamine; PIP 5 phosphatidylinositol-4-monophosphate;
PIP2 5 phosphatidylinositol-4,5-bisphosphate.
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DISCUSSION

The incorporation of11C radioactivity into the intermedi-
ates of phosphoinositide turnover was the predominant
metabolic fate of11C-DAG both in the infarcted and in the
noninfarcted myocardium in rats 7 d after MI. The in vivo
quantitative autoradiography with11C-DAG revealed that
the radioactivity in the infarcted region was low 1 d after MI
and increased remarkably 7 d after, even though the blood
flow distribution in this area was limited. These findings
suggest that phosphoinositide turnover is activated in the
healing and fibrogenic process after MI. These results agree
with those of a recent study by Ju et al. (18) showing that the
Gqa/phospholipase C-b1 pathway, the upstream signaling
system for phosphoinositide turnover, is upregulated predomi-
nantly in scar tissue in rats 8 wk after MI. In our study,
histologic examination revealed that abundant fibroblasts,
myofibroblasts, and macrophages occupied the infarcted
myocardium 7 d after MI. On the other hand, the cellularity
was extremely low 1 d after MI. Earlier studies by others
underscored the role of phosphoinositide turnover in the
activation of fibroblasts (10), myofibroblasts (19), and
macrophages (20), suggesting that these cells are respon-
sible for the accelerated11C-DAG distribution in the in-
farcted region. We observed a few live cardiac myocytes in
the subendocardial layer of the infarcted region. These
cardiac myocytes may partially explain the increased11C-
DAG radioactivity in the infarcted region.

The reason for the minimal differences in11C-DAG
distribution among the noninfarcted regions 1 and 7 d after
MI and the myocardium 7 d after the sham operation is not
clear. In our preliminary study, heart weight significantly
increased by 13% in rats 7 d after MI compared with
sham-operated rats. The hypertrophic response in nonin-
farcted myocardium, therefore, should be initiated at this
time after MI. This observation has several possible explana-
tions. First, as suggested by Ju et al. (18), the contribution of
phosphoinositide turnover to the process of left ventricular
remodeling may be less important in noninfarcted myocar-
dium than in infarcted myocardium. This notion may be
further supported by our recent report (21) in which
3H-labeled phorbol 12,13-dibutyrate binding was signifi-
cantly greater in infarcted tissue than in noninfarcted
myocardium but was similar in noninfarcted myocardium
and in myocardium from sham-operated rats. These data
suggest that protein kinase C, which is in the downstream
pathway of phosphoinositide turnover, may be activated in
the infarcted tissue but not in the noninfarcted tissue.
Second, in our preliminary experiment, the average infarct
size of our experimental MI model was 38% of the total left
ventricle, and no rats in this study had apparent signs of heart
failure. We may need more extensive MI to detect a
significant increase in the11C-DAG distribution in nonin-
farcted myocardium. Third, the percentage of the butyryl
CoA fraction, which is a product of the degradation of
11C-DAG by lipase, tended to be higher in the noninfarcted
myocardium than in the infarcted myocardium. Therefore,
the phosphoinositide turnover activity in the noninfarcted
myocardium may have been underestimated.

Our data may not agree with earlier reports showing that

FIGURE 3. Representative autoradiographs of 11C-DAG distri-
bution in rat heart 7 d after sham operation (A), 11C-DAG
distribution in rat heart 1 d after coronary ligation (B), 201Tl
distributions in rat heart 7 d after coronary ligation (C), and
11C-DAG distributions in rat hearts 7 d after coronary ligation (D).
In each image, right ventricular free wall is at upper left,
interventricular septum is at middle, and left ventricular free wall
is at lower right.

FIGURE 4. Ratio of radioactivity in infarcted region normalized
to that in noninfarcted region in rats injected with 11C-DAG 1 and
7 d after coronary ligation and in rats injected with 201Tl 7 d after
coronary ligation. Values are mean 6 SEM.
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phosphoinositide turnover plays a pivotal role in the hyper-
trophic response in cultured neonatal rat cardiac myocytes
stimulated by mechanical stretch (22), endothelin-1 (23),
a1-adrenergic stimulation (24), and angiotensin II (9). The
difference between our results and those of others may be
caused by differences between adult and neonatal cardiac
myocytes or differences between long-term in vivo and
short-term in vitro experimental models. In contrast, our
findings for the noninfarcted myocardium are consistent
with a recent report by Ju et al. (18) showing that upregula-
tion of the upstream signaling pathway for phosphoinositide
turnover is apparently less prominent in noninfarcted myo-

cardium than in infarcted myocardium. Our results, how-
ever, partially conflict with those of Ju et al. because Ju et al.
showed that Gqa mRNA and the phospholipase C-b1 protein
level were slightly but significantly increased in nonin-
farcted myocardium compared with those in sham-operated
rats, although the increase was apparently less prominent
than that in the scar tissue and the Gqa protein level was not
increased. Differences in the methods used for the estima-
tion of phosphoinositide turnover may explain the slight
differences in our results from those of Ju et al.

This study has several possible limitations. First, the
11C-DAG supplied to the infarcted myocardium is probably
low because the blood flow in the infarcted area is low.
11C-DAG radioactivity in the infarcted region, therefore,
should be interpreted carefully. We may have underesti-
mated the phosphoinositide turnover activity in the infarcted
region because of the limited blood supply. Second, because
we did not measure absolute counts in the myocardium and
plasma, we could not obtain the11C-DAG uptake expressed
as a percentage of the injected dose, the uptake normalized
by flow, or data analyzed by a kinetic model. Third, in the
11C-DAG metabolite study,11C-butyryl CoA, which is a
product of the degradation of11C-DAG by lipase and is not
an intermediate of phosphoinositide turnover, was the sec-
ond predominant metabolite of11C-DAG. In our previous
study, we showed that11C-butyryl CoA appeared in the
plasma 10 min after the injection (11), suggesting that a part
of butyryl CoA in the myocardium was derived from plasma
11C-butyryl CoA. It is also possible that11C-butyryl CoA
was produced by lipase in cardiac myocytes and cells in the
infarcted myocardium after11C-DAG was taken into those
cells (25). Finally, because the infarcted myocardium in rats
7 d after MI was occupied by macrophages, myofibroblasts,
and fibroblasts, all 3 of these types of cells may have
contributed to 11C-DAG uptake in this area. Although
macrophages play a pivotal role in scavenging necrotic
myocytes, and phosphoinositide turnover is suggested to

FIGURE 5. Ratio of 11C-DAG uptake in noninfarcted region to
that in right ventricular (RV) free wall in rats 1 and 7 d after
coronary ligation (MI) and 7 d after sham operation (Sham).
Values are mean 6 SEM.

FIGURE 6. Hematoxylin–eosin staining
(A) and immunohistochemical labeling for
vimentin (B), a-smooth muscle actin (C),
ED-1 (D), smooth muscle myosin heavy
chain (E), and von Willebrand factor (F) in
infarcted area in rat 7 d after MI. Necrotic
myocytes ( ) are surrounded by spindle-
shaped cells similar to fibroblasts and mac-
rophages.Almost all these cells were stained
for vimentin. Some were also labeled for
a-smooth muscle actin or for ED-1 but not
for smooth muscle myosin heavy chain or
von Willebrand factor (except for vascular
endothelial cells [arrow]). Relatively high
background level in staining for smooth
muscle myosin heavy chain was same as in
negative control. Scale bar represents
50 µm.
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play an important role in the activation of macrophages (20),
we cannot determine the relative contribution of phosphoino-
sitide turnover by macrophages to the total phosphoinositide
turnover activity.

A further study to analyze the uptake of11C-DAG by cells
in more detail, such as by a kinetic model, as well as a study
to identify which cells are responsible for the increased
11C-DAG uptake, is required. An investigation to determine
the effect of angiotensin-converting enzyme inhibitor or
angiotensin II type 1 receptor blockade is also needed.
Because the final goal is to visualize myocardial phosphoino-
sitide turnover in humans using PET, a study that measures
11C-DAG uptake by the liver to assess the impact of liver
metabolism on imaging in vivo is also required.

CONCLUSION

The results of this study suggest that11C-DAG may be
useful for visualizing regions with activated phosphoinosi-
tide turnover after MI. Because wound healing and the
fibrogenic process are important factors of ventricular
remodeling after MI,11C-DAG and PET may offer new
information that benefits patient management after MI.
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